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FOREWORD 


[\3)  This  report  presents  the  work  accomplished  during  the  second 
report  period  of  the  Aerospike  Advanced  Development  Program  under 
Air  Force  Contract  AF04(611)>11399.  The  report  covers  ^e  period 
1  June  1966  through  31  August  1966.  A  portion  of  the  design  and  tooling 
effort  in  Task  II  represents  a  joint  effort  with  the  Advanced  Engineer- 
ing  Program.  Systems  and  Dynamics  Investigation  (aerospike)  Contract 
NAS  8-19.  This  report  has  been  assigned  Rocketdyne  report  No. 
R-6537-2. 

(U)  Publication  of  this  report  does  not  constitute  Air  Force  approval 
of  the  reports'  findings  or  conclusions.  It  is  published  only  for  the 
exchange  and  stimulation  of  new  ideas. 


Vernon  L.  Mahugh 
1/Lt,  USAF 
Project  Engineer 


ABSTRACT 


(U)  Program  status  and  technical  results  obtained  at  the  end  of  the 
report  period  are  described  for  the  Advanced  Development  Program, 
Aerospike.  This  progr~^m  includes  analysis  and  preliminary  design  of 
an  advanced  rocket  engine  using  an  aerospike  nozzle.  It  fvurther  in¬ 
cludes  analysis,  test  hardware  design,  and  test  evaluation  of  thrust 
chamber  performance  and  thrust  chamber  durability. 
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NOMENCLATURE 


A  =  area 

A  =  chamber  cross-sectional  area 
c 

A^  =  nozzle  throat  area 
Cp(l-D)  =  one -dimensional  thrust  coefficient 
Cp(2-D)  =  two-dimensional  thrust  coefficient 
E  =  Young's  modulus 
F  =  thrust 
h  =  enthalpy 
H-Q  =  pump  head -flow 

k  =  specific  heat  ratio,  thermal  conductivity 
K  =  distance 
M  -  Mach  number 
q  =  heat  rate 
Q/A  =  heat  flux 
R  =  radius 
T  =  temperature 
u  =  boundary  layer  velocity 
U  =  free  stream  velocity 

u/c  =  turbine  wheel  velocity  to  spouting  velocity  ratio 
w  =  flowrate 

DN  =  bearinfj  bore  (millimeters)  X  rpm 
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NOMENCLATURE  (Continu.ad) 


GREEK  LETTERS 

6  a:  boundary  layer  thieknees 
<  =  strain 

6  ~  boundary  layer  momentum  thickness 
(1  B  viscosity 
V  =  Poisson's  ratio 
(T  =  stress 

SUBSCRIPTS 

B  -  bulk 

c  s  chamber,  w^rvature 
e  -  nozzle  exit,  elastic 

.p,  —  -.4.5  - 

R  s  reference 
TH  =  thermal 

t  =  nozzle  throat 
oc  =  free  stream 
aw  =  adiabatic  wall 
ST  =  Stanton  Number 
Pr  =  Pramdtl  Number 

SUPERSCRIPTS 


xiv 

CONFIDENTML 


=  average  value 


L  INTItODUCTION 


(C)  The  Advanced  Development  Program  (ADP)  Aeroepike  Noaale  Con¬ 
cept  started  1  March  1966  with  a  17 -month  duratioa.  The  objectives 
are  to  evaloate  critical  technology  associated  with  the  Aeroepike 
conceit  and  produce  the  preliminary  design  of  an  advanced  hydrt^en- 
oxygen  engine  of  the  following  characteristics: 

1.  250,000 -pound  thrust  (nominal  rated)  with  throttling  to  20  per¬ 
cent  of  rated  thrust 

2.  6:1  mixture  ratio  (nominal)  with  a  range  of  5  to  7:1 

3.  96  percent  (minimum)  of  theoretical  shifting  specific  impulse 
at  rated  thrust;  95  percent  (minimum)  during  throttling 

4.  100-inch  maximum  overall  diameter 

5.  10 -hours  life  between  overhauls  with  100  reuses 

6.  Restartable  at  altitude 

The  total  effort  is  comprised  of  two  major  tasks: 

Task  1,  Analysis  and  Design 

A.  Mooule  Design 

B.  Application  Study 
Task  2,  Fabrication  and  Test 

A.  Injector  Performance  Investigations 

B.  Tnrust  Chamber  Nozzle  Investigations 

C.  Thrust  Chamber  Cooling  Investigations 

D.  Segment  Structural  Evaluation 

(U)  Task  2  and  Task  3  of  the  first  quarterly  report.  Thrust  Chrmber 
Performance  Evaluation  and  Thrust  Chamber  Durability  Evaluation, 
respectively,  are  now  combined  into  Task  2,  Fabrication  and  Test. 


1 
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(U)  This  second  quarterly  report  presents  the  program  status,  tech¬ 
nical  progress,  and  problem  areas  and  solutions  as  of  the  end  of  the 
second  quarter  of  the  ADP  Aerospike,  and  a  brief  summary  of  planned 
-ffort  for  the  third  quarter. 


coNriDam/iL 


U.  SUMMARY 


^U)  In  Task  I,  work  progressed  on  both  demonstrator  module  design 
and  fligL:;  module  studies.  The  demonstrator  engine  balance  was  modi¬ 
fied  for  defined  operating  limits  and  for  component  study  resxilta.  The 
engine  layouts  were  refined  with  definition  of  turbine  dri  'e  hot-gas 
ducts,  propellant  feed  arrangement,  igniter  configuration,  and  turbo - 
pump  mounts.  Thrust  structure  can'^'^'^ate  designs  were  reduced  to 
four.  Study  of  control  points  was  brought  to  selection  of  two  hot-gas 
values  for  thrust  and  mixture  control;  howevei  ,  studies  of  open-  vs 
closed -loop  control  modes  continue  with  either  being  satisfactory  for 
the  demonstrator  module.  A  study  of  gas  generator  turbine  drive 
against  tap -off  was  initiated  for  completion  in  the  next  period.  A  trade 
study  of  hydrogen  pumps  was  completed  with  £Al<;ction  of  a  two-stage 
centrifugal  pump.  The  LOX  pump  design  and  turbine  design  features 
for  both  pumps  were  established.  A  thrust  chamber  structure  trade 
study  was  completed  with  s^^iection  of  a  titanium  structure  and  defini¬ 
tion  of  the  tie -bolts  arrangement  and  cooling  circuit.  Gimbal  design 
requirements  were  defined  and  the  study  nearly  completed.  Flight 
module  preliminary  parametric  data  was  completed  along  with  the  pre¬ 
liminary  layout  of  variations  in  the  flight  configuration. 

(U)  The  Applications  Study  was  initiated  with  requirements  established 
and  the  parametric  data  completed.  Studies  of  vehicle  shroud  and 
thrust  structure  variations  are  in  progress. 

(C)  In  the  Injector  Performance  Investigation  subtask  of  Task  2,  all 
hardware  scheduled  for  the  period  was  delivered  and  all  '.ests  scheduled 
were  conducted.  The  three  candidate  injectors  were  evaliiated  for 
performance,  stability,  durability,  and  chamber  compatibility  over  the 
throttling  range.  The  triplet  pattern  was  selected  for  250K  injector 
No.  1  and  is  a  strong  contender  for  the  high-performance  250K  injector 
No.  2.  This  evaluation  will  be  completed  early  in  September.  Results 
show  the  triplet,  as  developed  in  the  2.5K  segment,  to  be  stable  over 
the  operating  range,  to  better  the  performance  requirements,  to  be 
durable,  and  to  produce  acceptable  throat  heat  flux.  Tapoff  data  was 
taken  and  these  tests  are  continuing.  "Bomb"  disturbed  stability  rating 
tests  were  conducted  and  will  be  completed  in  September. 

(C)  Progress  was  made  in  fabrication  of  the  250K  experimental  thrust 
chambers  under  the  chamber-nozzle  subtask  of  Task  2.  All  working 
drawings  were  released.  The  solid -wall  chamber  is  undergoing  copper 
throat  deposit  prior  to  final  machining.  Complete  tubes  were  fabricated 
to  check  the  process,  and  tube-wall  bodies  were  partially  machined. 

The  injector  body  has  completed  manifold  welding  and  is  undergoing 
final  machining  prior  to  brazing.  Injector  strip  drilling  and  baffle 
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electroforming  was  initiated.  Manifolds,  igniter,  thrust  mount,  and 
test  equipment  are  partially  fabricated.  A  stability  computer  model 
was  constructed  and  test  instrumentation  defined.  The  test  facility 
was  activated  with  40K  aerospike  thrust  chamber. 


(U)  In  the  thrust  chamber  cooling  investigations  of  Task  2,  the  labora¬ 
tory  and  analytical  material  studies  were  completed.  Tube  tester 
simulation  tests  were  conducted  on  stainless  steel  and  nickel,  and  will 
continue  in  September.  From  all  results,  stainless  steel  was  elimi¬ 
nated  as  a  material  for  the  demonstrator  module  tubes.  Nickel  200  was 
selected  for  the  20K  segment  and,  pending  tube-wall  segment  hot-firing 
test  results,  for  the  demonstrator  chamber.  Life  predictions  from  the 
combination  of  the  analytical  model  and  laboratory  materials  results 
corroborated  tube  tester  results  and  actual  chamber  life  experience  on 
similar  cooling  tubes.  The  2.5K  tube-wall  segment  with  nickel  tubes 
was  fabricated  to  the  point  of  assembly  preparatory  to  brazing.  The 
copper  tubes  for  the  other  2.5K  segment  were  formed  and  the  body 
parts  were  nearing  completion.  Instrumentation  for  hot -gas  side -wall 
temperatures  and  other  variables  was  developed. 

(U)  In  the  segment  structural  evaluation  subtask  of  Task  2,  detailed 
design  of  the  segment  was  initiated  during  this  quarter.  The  titanium 
structural  concept  selected  for  the  demonstrator  chamber  was  incor¬ 
porated  into  this  segment  along  with  the  tie  bolt  and  cooling  circuit  of 
the  demonstrator  chamber.  Layouts  and  design  specifications  were 
completed  ard  preliminary  design  review  held.  Tube  material  and 
structure  material  was  ordered.  Tube  material  was  selected  as  nickel 
200  from  the  cooling  investigations  suhtask. 

(C)  The  c  ;,3rall  program  is  es-entially  on  schedule  with  several  sub¬ 
tasks  ahead  of  the  program  plan  and  one  behind,  namely  the  250K 
chamber  nozzle  investigations.  Here,  certain  hardware  fabrication  is 
behind  schedule;  however,  it  will  not  affect  the  initiation  of  full-scale 
tube -wall  tests  on  schedule.  The  No.  2  250K  injector  will  be  released 
in  the  first  week  of  September  instead  of  August  as  scheduled. 

(U)  Issuance  of  Demonstrator  Module  Design  requirement  specifica¬ 
tions  was  delayed  2  weeks  for  refinement  to  include  study  results. 

Other  program  plan  milestones  were  met  in  the  second  quarter. 
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SECTION  m 
PROGRAM  STATUS 


A.  TASK  I.  DESIGN  AND  ANALYSIS 


1.  MODULE  DESIGN 
a.  Status 

(1)  System  Analysis 

(U)  The  steady-state  analysis  of  the  tapoff  engine  cycle  was  >aeepened 
during  this  report  perio<^  to  include  a  preliminary  cycle  balance  re¬ 
flecting  the  latest  program  ground  rules.  An  analysis  of  the  effect  of 
the  change  in  the  requirement  for  constant  thrust  ve  mixture  ratio  was 
undertaken,  and  a  decision  as  to  the  recommended  design  direction  will 
be  made  early  in  the  next  qtxarter,  A  preliminary  study  of  the  maxi¬ 
mum  operating  limits  of  the  various  engine  components  was  completed 
and  is  being  used  in  establishing  component  design  requirements. 

(U)  An  investigation  of  possible  thrust  and  mixture  ratio  control 
n.ethods  was  conducted  during  this  report  period  to  determine  the 
optimum  control  points  consistent  with  operational  requirements.  It 
was  concluded  that  the  system  utilizing  two  hot -gas  valves  to  control 
tuxbi.  e  speed  was  preferable  for  the  tapoff  system. 

(U)  An  open-loop  vs  closed-loop  controls  study  was  initiated,  and  con¬ 
cluding  recommendations  will  be  forthcoming  early  in  the  next  report 
period.  Preliminary  results  are  that  the  engine  will  operate  satisfac¬ 
torily  with  both  closed -loop  and  open-loop  sy  stems  and  that  either 
be  designed  to  control  th''  engine. 

(U)  A  comparative  analysis  of  a  gas  generator  and  tapoff  cycle  was 
brought  near  completion  during  this  report  period.  Results  to  date 
indicate  that  as  tapoff  gas  properties  approach  gas  generator  proper¬ 
ties,  the  performance  difference  between  the  two  cycles  approaches 
zero.  The  tapoff  cycle  has  fewer  components,  comparable  weight,  and 
somewhat  better  control  characteristics  at  a  higher  estimated  cost  of 
development.  This  study  will  be  concluded  during  the  next  report 
period. 

(U)  Start  model  updating  and  refining  to  include  simulation  of  heat 
transfer  and  compressible,  two-phase,  hydrogen  flow  through  the  th.rust 
chamber  cooling  tubes  is  currently  being  accomplished  as  is  conversion 
of  the  digital  engine  model  to  the  IBM  360  computer.  Preliminary 
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transient  performance  data  have  been  obtained  and  some  ^preliminary 
valve  sequencing  established. 

(2)  Preliminary  Design 

(U)  A  preliminary  cut  through  the  mechanical  design  and  module  gen¬ 
eral  arrangement  has  been  accomplished.  In-depth  design  studies 
have  been  initiated  and  design  sheets  released  on  the  major  subsystems 
and  components.  Preliminary  weights,  envelopes,  and  interfaces  have 
been  established  for  the  major  components..  A  trade  study  on  the  thrust 
structure  selection  has  narrowed  candidates  to  four,  and  final  selection 
will  be  made  early  in  the  next  report  period. 

(C)  Preliminary  layouts  of  the  250K  and  3  30K  flight  module  have  been 
completed.  Parametric  engine  weight  and  performance  data  have  been 
generated  for  the  flight  module.  The  thrust  range  covered  was  150K 
to  350K,  chamber  pressure  was  varied  from  750  to  2000  psia,  and  en¬ 
gine  diameters  investigated  were  80,  100,  and  120  inches.  The  nozzle 
length  was  25  percent  and  mixture  ratio  was  varied  fjom  5  to  7. 

(U)  Performance,  specifications  have  been  established  for  both  the  fuel 
and  oxidizer  turbopumps;  preliminary  turbine  and  punr.p  operating 
envelopes  were  also  established;  an  evaluation  of  the  type  of  fuel  pump 
configuration  was  completed.  A  two-stage  centrifugal  pump  configura¬ 
tion  has  been  selected,  and  preliminary  layouts  of  both  the  fuel  and 
oxidizer  turbopumps  initiated, 

(U)  Definition  of  the  thrust  chamber  wall  structure,  includi,,g  coolant 
circuit,  attachment  method,  material  selection,  and  fabrication  tech¬ 
nique  has  been  finalized  and  the  tube  material  tentatively  selected. 
Nozzle  contour  and  shroud  geometry  have  been  established  and  the 
theoretical  calculation  technique  verified  through  a  cold  flow  nozzle 
test  series  conducted  under  a  separate  program. 

b.  Progress  During  Report  Period 

(1)  System  Analysis 

(a)  Engine  Balance 

(U)  The  engine  balance  calculations  for  the  tapoff  cycle  engine  system, 
'shown  schematicailv  in  figure  1,  were  made  using  a  nonlinear  digital 
computer  program.  The  program  La’ances  the  engine  at  the  nominal 
'  design  point  and  then  permits  one  or  more  of  th**  design  variables  to  be 
changed  to  determine  off -design  performance.  Iterations  between  the 
steady-state  cycle  balance  and  component  designs  have  been  continually 
carried  out.  The  current  design  point  parameters  are  summarized  in 
Table  I. 
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(C)  Table  1.  Preliminary  Design  Parameters 


CONFIGURATION 


Thrust,  pounds 

250,000 

Specific  impulse,  second  (vacuum) 

450.8 

Specific  impulse  efficiency,  percent 

97.0 

Engine  mixture  ratio 

6.0 

Envelope: 

Diam  ar,  inch 

100 

Length,  inch 

47 

Area  Ratio 

76.9 

Oxidizer  flow,  lb /sec 

475.3 

Fael  flow,  lb /bee 

79.2 

Total  propellant  flow,  lb /sec 

554.5 

Oxidizer  inlet  pressure,  psia 

40 

Fuel  inlet  pressure,  psia 

35 

Oxidizer  inlet  temperature,  R 

175.6 

Fuel  inlet  temperature,  R 

41.3 

THRUST  CHAMBER 

Thrust,  pounds 

242,600 

Mixture  ratio 

6.45 

Throat  area,  sq  in. 

81.71 

Chamber  pressure,  psia 

1500 

Injector  end  pressure,  psia 

1531 

Oxidizer  flow,  Ib/sec 

472.3 

Fuel  flow,  Ib/sec 

73.2 

Combustion  efficiency,  percent 

96.5 

Fuel  injector  pressure  drop,  psia 

390 

Oxidi^'.er  injector  pressure  drop,  psia 

390 

BASE  AREA 

Thrust,  pounds 

7400 

Base  pressure,  psia 

3.86 

.Secondary  flowrate,  ’’'/sec 

9.04 

FUEL  TlIRBOPUMP 

Pump 

Number  of  stages 

2 

Speed,  RPM 

36,000 

8 


FUEL  TURBOPUMP  (Continued) 


Pump  (Contiaued) 


Discharge  pressure,  psia  2634 

Efficiency,  percent  75 

Flowrate,  Ib/scc  79.2 

Turbine 

Ntunber  of  stages  1 

Pressure  ratio  30 

Inlet  temperature,  R  I960 

Inlet  pressure,  psia  1225 

Flowrate,  Ib/sec  6.45 

Efficiency,  percent  60 


OXYGEN  TURBOPUMP 
Pump 


Number  of  stages  1 

Speed,  RPM  20,000 

Discharge  pressure,  psia  2055 

Efficiency,  percent  80 

Flowrate,  Ib/sec  475.3 


Turbine 


Number  of  stages 

1 

Pressure  ratio 

15 

Inlet  temperature,  R 

1960 

Inlet  pressure,  psia 

600 

Efficiency,  percent 

50 

Flowrate,  Ib/sec 

2.59 

(C)  A  cliange  in  the  tiumat  vs  miictnre  ratio  reqirirsmant  was  receive 
daring  the  second  qharter.  Previoastyt  fte  ra^iirsaEisat  iMd  ttiHai  iar 
constant  throat  over  a  mixtare  range  from  5  to  7:1*  This  rec|id^»d 
elevated  pomp  speeds  at  toe  ntoefinre  ratio  eatrexaM*  as  dtowa  in 
ure  2.  At  5:1,  the  foel  ponqi  speed  regeired  increasilwl  •  percent  ever 
toe  nominal  design  point  speed  at  miatore  ratio  of  6:1,  nd^e  at  7:1  toe 
oxidizer  pump  speed  required  increased  1.2  percent.  Uaiag  a  erfterioci 
whic'a  limits  the  pomp  speeds  to  the  nooaiaal  design  point  {mixtare 
ratio  6:1 )  speed,  results  in  a  thrust  loss  id  both  ends  of  the  mixture 
ratio  excursion  as  depict  iu  figure  3.  This  loss  is  mkf  1*6  percort 
at  a  mixture  ratio  of  7:1;  however,  it  reaches  l^pprlgsima^^Y  10.4  per¬ 
cent  at  a  mixtare  ratio  of  5:1. 

(C/  Preliminary  analysis  irdicates  that  toe  engine  weight  savings  using 
the  pump  speed  limit  criteruv  is  approximately  30  poun^  wito  no 
change  in  specific  Impulse  it  vacuum  conditionc.  while  toe  torust  loes 
at  a  mixture  ratio  of  5:1  is  rij^nificant.  A  dedsim  on  the  design  course 
to  be  taken  will  be  made  eaily  in  the  next  quarter.  The  engine  balance 
ahown  reflects  use  of  the  pui  tq)  speed  limit  criteria. 

(b)  Operating  Limits 

(U)  Design  of  a  rocket  engin<!  for  a  specific  operating  point  and  off~ 
design  capability  resdts  in  nominal  design  values  for  all  engine  com¬ 
ponents.  However,  mandactiring  tolerances  result  in  component 
performance  slightly  different  from  the  nominal  design  values.  The 
cumulative  effect  of  these  tolerances  must  be  statistically  calculated 
to  determine  the  maximum  pr  obable  values  at  which  each  component 
must  be  capable  of  operating.  These  values  are  summarised  in 
Table  2. 

(U!  Tolerances  which  were  considered  in  determining  maximum  oper¬ 
ating  conditions  included  line  and  valve  resistances,  combustion  and 
nozzle  efficiencies,  and  turbomachinery  performance.  Component 
tolerances  for  the  ADP  demonstrator  module  were  estimated  based  on 
current  Rocketdyne  production  engines.  An  exception  to  this  was  the 
thrust  chamber  tolerance.  Current  production  engines  are  bell -type 
thrust  chambers,  whereas  the  ADP  engine  is  an  annular -type  thrust 
chamber.  Therefore,  it  was  necessary  to  analytically  pr^ict  the 
throat  gap  tolerance.  This  tolerance  was  estimated  to  be  larger  for 
toe  annular  chamber  than  for  a  bell  chamber  because  of  the  narrow 
throat  gap  of  the  annular  chamber. 


PERCENT  OF  NOMINAL  PERCENT  OF  NOMHNAL 


90' - - - - - .  - - - - - 

5.0  5.5  0.0  M 


ENGINE  MIXTURE  RATIO 
Figure  2  Coostant  Thrust  Criteria 
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figure  3 


(C)  TabU  2.  Opeytti»g  14fl|iit« 


Engine  thruat,  pound 
Engine  mixture  ratio 
Thrust  chamber  injector  end 
pressure,  psia 
Thrust  chamber  fuel  flow, 
Ib/sec 

Thrust  chamber  oxidiser 
flow,  Ib/sec 
Tapoff  fuel  flow,  Ib/sec 
Tapoff  oxidizer  flow,  Ib/sec 
Fuel  turbine  inlet 
temperature,  R 
Fuel  turbine  outlet 
temper  at\ire,  R 
Fuel  turbine  inlet  pressure, 
psia 

Fuel  turbine  outlet  pressure, 
psia 

Fuel  turbine  speed,  rpm 
Fuel  turbine  torque,  ft>lb 
Fue^turbine  flow,  Ib/sec 
Oxidizer  turbine  inlet 
temperature,  R 
Oxidizer  turbine  outlet 
temperature,  R 
Oxidizer  turbine  inlet 
pressure,  psia 
Oxidizer  turbine  outlet 
pressure,  psia 


Ilomiaal 

Mixture 

Ratio 

2<*c 

Random 

Variatksi 

250,000 

6,0000 

17,364 

0.3503 

1531.3 

166.7 

73.39 

5.59 

473.05 

5.95 

2.97 

44.75 

0.65 

0.33 

1960 

♦ 

1254 

39 

1226.8 

140.9 

39.9 

35,986 

2292.5 

6.37 

4.1 

1925 

232.0 

0.687 

1960 

♦ 

1449 

33 

599.6 

70.2 

39.9 

4.1 

267,364 


16f6,0 

78.98 

517.80 

6.60 

3.30 


1367.7 

44.0 

39,911 

2524.5 

7.06 


669.8 


*  The  standard  deviation  of  the  tapoff  gas  temperature  from  the  nomi* 
nal  value  of  1 960  R  was  net  estimated  because  of  the  limited  amount 
of  test  data  on  tapoff  for  this  engine  configuration.  An  'stimate  of 
this  value  will  require  sufficient  testing  to  allow  a  statistical  analysis 
In  place  of  the  2>«r  turbine  inlet  temperature  variatim,  an  arbitrary 
variation  of  100  F  was  selected  to  assess  the  criticality  of  this 
parameter.  This  variation  was  estimated  to  result  in  a  1.0  percent 
change  in  thrust,  a  0.7  percent  change  in  pump  speed,  a  1 .0  percent 
change  in  propellant  flowrate,  and  a  1,0  percent  change  in  pump  dis¬ 
charge  pressure.  The  control  system  would  then  i>ebalance  tiie  engin( 
at  the  nominal  thrust  and  ch>^mber  pressure  with  a  change  in  specific 
impulse  of  approximately  0.2  seconds. 
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fC)  T4l|*  2 


llixlattt 


Oaddiser  turbine  fpeed.  rpm 

20.000 

1120 

Oaddiaer  turbine  torque*  ft*10 

9S9 

ill 

Qxidiser  burbine  flow,  Ib/sec 
Fuel  puix^  (Uscharge  pressure. 

2.56 

0^29 

psia 

Fuel  tiirust  chamber  inlet 

2434.5 

252.9 

pressure,  peia 

2425.4 

21M 

Fuel  injection  pressture,psia 
Oxidiser  pump  discharge 

1921.4 

. 

pressure,  psia 

Oxidizer  injection  pressure. 

2055.7 

226.3 

psia 

1921.5 

210.7 

Fuel  pun^)  head,  feet 

81,649 

7447 

Fuel  pump  volume  flow,  gpm 

•449 

653 

Fuel  pump  horsepower,  bhp 

15,700 

2300 

OxidiBer  p«np  head,  feet 
Oxidizer  punqp  volu^  flow. 

4222 

474 

gpm 

Oxidizer  pump  horsepower. 

3107 

217 

bhp 

4567 

761 

Base  pressure,  psia 

4.03 

0.87 

Base  temperature,  R 

1310 

34 

Base  Birust,  pound 

7743 

1679 

2117.4 

liil.f 

2114.4 

22i2.0 

2U2.2 

09.114 


3224 

S328 

4.90 

1344 

9422 


(U)  Each  tolerance  waa  examined  independently  to  determine  its  effect 
on  the  engine  parameters  shown  in  Table  2.  liw  cumulative  effect  of 
all  tolerances  on  each  parameter  was  determined  from 


X  *  X 

maximum  nominal 


where  the  maximum  expected  value  of  the  engine  param^er,  X,  it 
determined  from  the  nominai  value  and  the  deviationt  from  nominal 
because  of  the  various  component  tolerances. 


ill 


5\,, 


(c)  Coitfrol  Pcrfnts 

(C)  An  iwTMt^iation  of  poosiblo  tlKP4«t  and  mtater#  ntto  edn^tsol 
ods  wM  condttetad  duxlqg  this  ropore  period  to  dotOfniiao  did 
contrcd  point*  consistent  with  tlM  fli|^^  Mtd  dsmondtfdtor  moddlA 
stionsl  -eciiiirsments.  Scbsmss  wldch  involvsd  nmlNpId  Cdntttdlsrf 
for  <ms  function  (i.  e- ,  rol^^  mixtnrs  ratio  control  scii|Hted  widi  s  hot'* 
gas  valva  and  triinming  with  liquid  valves)  war*  alteodAidd  ftom 
considaration  bacaiMe  of  the  adverse  effect  upon  system  rcdiabUtty. 

The  control  systems  whi^di  merited  consideratian  are  liated  bdlodr* 

The  numbers  in  parenthesis  correspond  to  die  control  points  shown  in 
figure  4. 

1.  Two  hot^gas  valves  (1.2)  or  (2,7) 

2.  Main  fuel  valve  and  main  oxidizer  valve  (3,4) 

3.  Two  caviiating  venturis  (8,9) 

4.  One  hot -gas  valve  and  main  oxidizer  valve  (7,4) 

5.  One  hot-gas  valve  and  fuel  pump  bypass  (7,5) 

6«  One  hot-gas  valve  and  oxidizer  pump  bypass  (7,6) 

7.  Main  oxidizer  valve  and  fuel  pump  bypass  (4,5) 

8.  Main  fuel  valve  and  oxidizer  pump  bypass  (3,6) 

(U)  The  candidate  systems  were  compared  on  the  basis  of  performance 
effects,  weight,  engine  dyns'^ics,  compatibility  with  other  control  func¬ 
tions,  and  design  and  development  problems  and  costs.  Table  3  sum¬ 
marizes  the  performance  effects  for  all  eight  systems  showing  the 
values  for  pump  discharge  pressures,  flowrates,  pump  speeds,  thrust, 
and  specific  impulse.  Undesirable  levels  for  each  parameter  are 
asterisked.  System  number  3,  consisting  of  two  cavitating  venturis, 
requires  a  7000-psia  fuel  pump  discharge  pressure  and  a  3700-psia 
oxidizer  pump  discharge  pressure.  These  are  necessary  to  provide 
the  extremely  high  pressure  drops  to  maintain  cavitation  at  the  nomi¬ 
nal  condition. 


14 


Significant  turn 

System 

No. 

Operating  Condition 

Oxidizer 

Pnaqp 

Discharge 

Pressure, 

psi 

Oxidizer 

Flowrate, 

Ib/sec 

Oxidizer 

Pump 

Speed, 

rpm 

Fuel 

Paiq> 

Discharge 

Pressure, 

psi 

Fuel 

Flowrate, 

Ib/see 

1 

Low  mixture  ratio 

1800 

405 

23,065 

2560 

81 

Nominal 

2056 

476 

25,016 

2634 

79.3 

High  mixture  ratio 

2030 

486 

2420 

69.’: 

2 

Low  mixture  ratio 

2391 

456 

26,342 

2891* 

91.3* 

Nominal 

2242 

477 

25,914 

3284* 

79.6 

High  mixture  ra-^to 

2118 

503 

25,646 

7«.5 

3 

Nominal 

3700* 

7000* 

4 

Low  mixture  ratio 

2706* 

427 

2566 

82.8 

Nominal 

2425 

476 

26,714 

2635 

High  mixture  ratio 

2064 

482 

23,650 

2498 

70. « 

5,7 

Low  mixture  ratio 

2163 

486.3 

25,640 

2916 

98.1* 

Nominal 

2054 

476 

25,013 

2650 

99.5* 

5,8 

Nominal 

2055 

606.4* 

25,442 

2634 

79.4 

High  mixture  ratio 

2516 

589.3* 

27,850 

2918 

83.7 

'^Undesirable'  value 


TABLE  3 


HEADY  -STATE  TRADEOFF 


!icant  ParaMtflrs 


Fuel 

Fuel 

Specific 

t 

Flowrate, 

Pump  Speed, 

Impulse , 

Thrust , 

Mixture 

Ib/sec 

rpia 

seconds 

pounds 

Ratio 

Remarks 

81 

36,000 

453.5 

224,000 

- - 

5 

Two  hot-gas  valves;  300  psi 

79.3 

35,986 

450.2 

250,000 

6 

tapoff  AP 

69.4 

33,600 

441.2 

246,000 

7 

91-:* 

38,854 

453 

248,000 

5 

Two  '"ain  valves;  maximum  differ- 

79.6 

38,873 

449 

250,00. 

6 

ential  pressure  is  200  psi 
oxidiaer  and  67O  psi  fuel 

72.5 

36,968 

440.2 

254,000 

7 

Two  cavitating  venturis 

82.8 

36,000 

230,000 

5.18 

One  hot-gas  valve  and  main 

79.4 

36,000 

449.9 

250,000 

oxidizer  valve;  400  psi  differ¬ 
ential  pressure;  oxidizer  valve 

70.9 

34,344 

248,000 

6.84 

nominal 

98.1* 

39,440* 

452.5 

261,000 

5.36 

Hot-^as  valve  anJ  fuel  pump 

99.5* 

38,071* 

449.5 

250,000 

6 

bypass;  main  oxidizer  valve  and 
fuel  pu'"’>  bypass 

79.4 

35,992 

449 . 8 

250,000 

6 

Hot-gas  valve  and  oxidizer  pump 

83.7 

37,830* 

441.7 

_ _ _ 

292,000 

6.9 

oypass;  main  fuel  valve  and 
oxidizer  pump  bypass 
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(U)  TUt  arM  »|9m  wm  sulHelimt  to  olUBtaate  tk«  e|^ta.tb^^  vidoNfis 
from  fur^r  eonoidoratimu  tyitom  u«iim  b<^  iHartH'  pPOyoUi^ 
valvoa  (numlmr  2)  aloo  ro^ivod  hlfhor  ditelutrfo  pcw|««i?Of  ividdb 
traaaUtoo  into  iacronood  woight  and  doeroaaod  ^vformaaea,  SMtacna 
5.  6,  7,  and  8  (pump  bypaaa  ayatoma)  all  rafitdra  diavatdd  fwnnp  llofoa 
and  apaada.  An  aaao^atad  pnn»  wid|^t  incroaaa  and  parlornaanca  lofa 
nlao  occura  with  tha  incraaaad  npwf.  The  hot-gaa  valvo  ayatam  (nnm- 
bar  1)  haa  tha  beat  apacific  imp«laa»  howovar,  ita  advantage  ia  email. 
Tha  improved  performance  of  Uia  i^poff  hot>§aa  control  ayatam  raaulta 
from  the  lower  pump  diacharga  preaburea  Mid  flowa  acfaiavad  by  rao 
moving  the  control  poin'  from  tha  liquid  ayatem.  Thia  allowa  a  raduc> 
tion  in  the  turbine  hot-gaa  flowrate  which  ia  uaed  aa  the  aecondary 
flowrate  in  tha  baae  region  of  the  aaroapike  noaala.  The  nature  of  the 
aerospike  nozzle  ia  auch,  that  in  the  region  of  the  nominal  ADP  opera¬ 
tion,  a  reduction  in  aecondary  flowrate  cauaea  an  increaae  in  enr^ne 
apecific  impulae. 

(U)  A  dynamic  analyaia  of  the  control  ayatem  reaponae  /avors  liquid 
valve  control  over  gaaeoua  cyatema.  However,  the  reaponae  require - 
menta  for  the  thruat  and  mixture  ratio  control  ayatemr  do  not  preclude 
the  uae  of  the  gaaeoua  ayatem.  Another  poaaible  dynamica  2uivantage  of 
the  liquid  ayatema  ia  the  impedance  it  placea  between  the  feed  ayatem 
and  thruat  chamber.  Thia  would  perhapa  be  of  importance  in  throttling 
lower  than  5:1  but  'a  not  judged  of  importance  at  the  5:1  deaign 
requirement. 

(U)  Two  areaa  of  poaaible  interaction  of  ayatem  functiona  with  the 
throttling  and  mixture  ratio  control  ayatema  are  the  start  aequence  and 
the  hot -gas  igniter  mixture  ratio  control.  The  hot-gas  control  valve 
system  may  be  useful  for  both  of  these  other  functions,  because  the 
hot-gas  valves  can  be  opened  for  additional  turbine  starting  torque,  can 
be  used  to  control  pump  discharge  pressure,  and  can  be  used  to  control 
mixture  ratio.  The  main  valve  systems  cannot  be  used  for  either  of 
the  first  two  applications,  because  they  control  flow  only  to  the  thrust 
chamber.  A  hot-gas  valve  and  bypass  system  (number  5  or  6)  could 
conceivably  also  accomplish  the  added  functions. 

(U)  Rocketdyne  experience  favors  the  design  and  development  of  liquid 
control  valves  (particularly  oxidizer)  over  the  hot -gas  valves.  How¬ 
ever,  experience  in  design  and  development  of  large  servocontrolled 
valves  is  not  so  far  advanced  in  either  case  that  there  would  be  a  sig¬ 
nificant  difference  in  schedule. 

(U)  The  conclusion  to  be  deduced  from  the  study  is  that  the  system 
utilizing  two  hot -gas  valves  is  preferable  because  syst*  ns  using  main 
valves  or  cavitating  venturit.  imply  undesirable  increases  in  syistern 
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operating  preesuree,  and  eyetems  neiag  pump  bypass  imply  uiids^rable 
increases  in  system  propellant  flowrates  (on  tee  order  of  20  perceod. 
for  fall  mixture  ratio  excursion  at  nominal  thrust). 

(d)  Closed  >  Loop  vs  Open  •  Loop  Control  Systems 

(U)  During  this  report  period,  effort  was  directed  toward  tee  selectiott 
of  closed-loop  or  open-loop  control  systems  for  terust  and  mixtare 
ratio  control.  The  pertinent  material  required  during  this  period  is 
presented  vinder  topics  which  are  important  ctmsideratioas  in  fprmiim 
a  basis  of  selection.  Tne  work  to  date  has  consisted  of  specific  evalu¬ 
ation  of  open-loop  mixture  ratio  control  vs  closed-loop  irdxture  ratio 
control  because  teis  control  system  is  most  critical  with  regard  to  cost, 
versatility,  safety,  and  reliability.  Many  of  the  same  arguments  ai^ly 
also  to  open -loop  vs  closed-loop  thrust  control;  however,  for  the  pur¬ 
poses  of  discussion  here  the  thrtist  control  system  is  closed-loop. 

(U)  In  order  to  evaluate  system  cost,  it  is  necessary  to  formulate  the 
system  in  terms  of  components.  For  the  purposes  of  this  discussion, 
a  closed-loop  system  on  mixture  ratio  is  shown  in  figure  5,  and  an 
open-loop  system  on  mixture  ratio  is  shown  in  figure  6.  All  of  the 
systems  use  a  single  hot-gas  valve  in  the  tapoff  line  for  thrust  control, 
and  another  hot -gas  valve  in  the  line  to  the  oxidiser  turbine  for  mixture 
ratio  'ontrol.  The  clos  •'  -loop  system  uses  two  sensors  for  control  by 
volum~*ric  flow  measu.  nt  (turbine-:;  pe  flowmeter)  or  three  sensors 
(one  of  which  is  the  chat.  ’essure  measurement  also  used  in  the 

thrust  controller)  for  com  1  by  pressure  measurement.  The  flow¬ 
meter  system  uses  filters  and  a  mviltiplier  circuit  to  generate  2m  error 
signal  to  drive  the  oxidizer  turbine  valve,  while  the  pressure  trans¬ 
ducer  system  uses  a  function  generator  to  compute  the  error  signal  to 
drive  the  valve.  Both  systems  require  servovalve  compensation  and 
incorporate  valve  position  feedback  circuitry  to  increase  safety  and 
reliability.  The  open -loop  mixture  ratio  control  system  (figure  6)  uses 
the  same  valves  as  the  closed -loop  counterpart,  with  a  similar  minor 
loop  closed  around  valve  position.  However,  some  modification  of  the 
system  with  respect  to  thrust  level  is  necessary,  either  with  respect  to 
operating  chamber  pressure  or  with  respect  to  tapoff  valve  area  (if 
both  systems  are  open-loop).  The  need  for  modification  of  the  control 
loop  (shown  by  analog  multiplier  and  f\mction  generator)  is  justified  in 
figure  7.  This  figure  shows  two  thrust  vs  mixture  ratio  control 
-envelopes  for  an  open-loop  control  system  based  upon  constant  oxidizer 
turbino  valve  area  throttling.  The  two  envelopes  result  from  two 
turbomachinery  designs  which  have  roughly  a  10  percent  change  in  the 
pump  H-Q  curves  and  the  turbine  efficiency- u/c  curves.  The  figure 
reveals  the  controls  sensitivity  to  the  turbomachinery  characteristics, 
because  a  3  unit  change  in  mixture  ratio  at  low  thrust  occurs  between 
the  two  designs.  Although  the  expected  variation  in  pump  curved  from 
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U  a  f^lov  of  3  l«9a  tliia  flioivii  9fi|  i|f 
vatiatioil  m  imrlaAiia  •ISelMcy  i«  4  of  i«||| 

oavertluiUat  pradqce  aa  iatoltrflila  vaidatiMi  in  flU^  (pp^ 

tlurottliag  vii4af«  aoma  co^aacticm  wilb  thriuit  l«val  i#  f|^ 

can  be  intro4iiea4  in  a  number  of  ways,  aucb  tf  meeha^iA  P* 

tween  valvee,  but  electrical  modification  i«  depicted  in  ^e  ec^fmiftic 
•ince  either  tapoff  valve  area  or  chamber  preeeure  will  be  ayii^blt* 

Coet 

(U)  The  open-loop  and  the  cloeed-loop  mixture  ratio  eyetem  are  jiidged 
to  be  identical  in  cost  except  for  the  addition  of  two  turbine  flowmetere 
and  eome  increase  in  system  compensation  lo)[ic  In  the  closed-loop 
system  if  all  costs  including  additional  tasting  for  calibraticm  purposes 
are  considered.  (This  equates  the  cost  of  the  closed-loop  system  fil¬ 
ters  and  the  multiplier  with  the  function  generator  and  multiplier  re¬ 
quired  for  valve  area  change  with  thrust  level  of  the  open-loop  system. ) 
The  flowmeters  may  be  required  as  standard  flight  instrumentation  in 
any  event,  but  for  the  purposes  of  this  study,  this  is  assumed  not  to  be 
the  case.  Valve  position  control  is  included  in  both  systems  because 
of  the  increase  in  safety  and  reliability  of  the  closed-loop  system  and 
because  maintenance  of  constant  area  with  input  signal  is  essential  for 
satisfactory  open-loop  system  operation. 

(U)  Testing  costs  for  the  open-loop  system  will  be  greater.  This  cost 
could  be  minimized  by  development  of  a  facility  mixture  ratio  control 
system  so  that  engine  calibration  can  be  accomplished  in  one  test. 

With  this  assistance,  extra  engine  testing  would  probably  be  increased 
by  two  tests,  one  for  determination  of  the  oxidizer  turbine  valve  area 
vs  thrust  level  function  generator  setting  (or  cam)  for  that  particular 
engine,  and  one  for  checkout  and  verification.  Some  increase  in  cost 
of  component  testing  would  also  occur  for  open -loop  operation,  because 
more  component  trimming  will  be  required  for  insurance  that  correc¬ 
tion  of  the  oxidizer  turbine  valve  as  a  function  of  thrust  level  car.  be 
obtained. 

(U)  In  summation,  closed-loop  operation  will  require  two  flowmeters 
and  increased  compensation  complexity  as  opposed  to  open-loop  opera¬ 
tion  requiring  development  of  a  facility  mixture  ratio  control  system, 
two  <,^tra  teats  per  engine,  and  some  increase  in  component  testing. 

Versatility 

(U)  The  closed-loop  system  is  judged  to  be  more  versatile  in  that  ex¬ 
tensions  in  thrxxet  or  mixt\ire  ratio  range  are  possible  without  engine 
recalibration.  The  same  argument  is  present  for  component  replace - 
ment.  In  addition,  the  closed -loop  system  has  the  greatest  potential 
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for  avc^diuice  of  iwaf  nirabU  oparatii^  points,  if  tl^y  ar# iiot^kllNP^ 

Less  modulation  ii.mi<pai?s4  ai^tiim  of  ether  coi«tr<4 
such  as  pweip  speed.  Also,  if  it  is  (lsei,i.'ed  to  run  the  (4oeo4-tobp  Spa* 
tem  in  an  open-loop  mode  for  tset  or  demonstration  pnrposeSi  it  osu  bp 
done  With  minimal  e^ort  as  opposed  to  nmning  the  open-loop  system  m 
a  closed -loop  mode. 

Safety 

(C)  The  closed »loop  system  is  generally  judged  to  be  safer  than  the 
opon-loop  system  as  std>stantiated  by  the  following  arguments. 
Mechanical  stops  can  be  located  on  both  hot-gas  valves  so  as  to  restrict 
travel.  Thrust  can  be  restricted  to  values  of  250K  (with  some  sigma 
variation)  by  suitable  location  of  an  opening  stop,  and  to  values  of  SOK 
by  suitable  location  of  a  closing  stop.  However,  thrust  variations 
greater  than  nominal  or  less  than  20  percent  can  be  considerable  before 
failure  is  anticipated.  The  same  ic  not  true  for  mitCture  ratio;  varia¬ 
tions  on  the  high  side  can  resxilt  in  burnout,  and  variations  on  the  low 
side  can  result  in  flameout,  either  of  which  may  be  catastrophic.  It  is 
not  possible  to  locate  fixed  mechanical  stops  in  the  oxidiaer  turbine 
valve  for  mixture  ratio  variation  protection  without  seriously  i  educing 
the  operating  region. 

(C)  If  stops  are  located  based  on  the  nominal  thrust  region,  then  it  is 
possible  to  exceed  allowable  mixture  ratio  variation  at  the  20  percent 
thrust  level.  If  stops  are  located  based  on  the  20  percent  thrust  level, 
then  mixture  ratio  variation  from  5  to  7  is  not  possible  at  nominal 
thrust.  These  considerations  apply  to  both  closed-loop  and  open-loop 
systems.  The  closed -loop  system  will  give  some  indication  that  mix¬ 
ture  ratio  is  entering  an  undesirable  region;  the  open-loop  system  will 
only  indicate  that  oxidizer  turbine  valve  position  is  entering  an  unde¬ 
sirable  region.  Dynamics  may  preclude  considerable  separation 
between  valve  position  and  engine  mixture  ratio.  In  the  proposed  sys¬ 
tems,  failure  of  the  valve  position  transducer  will  result  in  failure  of 
the  engine  ior  the  open-xoop  system  for  most  instances;  in  the  closed- 
loop  engine  failure  will  be  caused  only  if  both  the  mixture  ratio  loop 
and  che  valve  position  minor  loop  fail  simi'Uaneously.  Although  a 
vehit,Io  mixture  ratio  controller  may  serve  to  protect  the  engine  in 
sori-e  cases,  in  cluster  applications  mixture  ratio  failure  in  one  engine 
may  be  masked  by  the  other  engines. 

Reliability 

(U)  There  is  expected  to  be  some  penalty  in  reliability  of  the  closed- 
loop  system  over  the  open-loop  system  because  of  the  increase  in  com¬ 
ponents;  however,  this  will  be  offset  to  a  certain  extent  by  the  redur 
emey  of  mixture  ratio  and  valve  position  discussed  above.  Accordin^^ 
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to  fliflit  iiMtrumofitfttioci  rolioMUty  data  for  titia  X«2  anf/,itte 

(whicli  i»  similar  to  tito  ADP  aagins).  tba  failura  ratos  ars  O.OOtM  par 
exposura  lor  torbitM  fioarmatora  and  0.0021  for  axposura  for  pros  sura 
tranadoi;:ars  (abov*  SC  par  cant  d.  thasa  wars  out-ol-caUbratiott  only) 
for  tka  period  of  wtoa  1964  tbro^h  April  1966.  Thasa  ratas  a  rt  sidtabla 
for  this  application. 

Static  Accuracy 

(U)  The  static  accuracy  of  the  closed-loop  system  is  ajqpactad  to  be  on 
the  order  of  7  percent  in  mixture  ratio.  The  object  of  the  closed-loop 
system  is  not  to  sreurately  control  engine  mixture  ratio;  that  is  left  to 
the  vehicle  guidance  computer.  During  this  report  period,  work  was 
accomplished  describing  expected  accuracy  of  volumetric  flow  meas  - 
urements  relative  to  true  mass  flow  measurements  for  computing  mix- 
tv’"'  ratio.  Volumetric  mixture  ratio  is  expected  to  be  -‘^thin  5  percent 
of  ti  ce  mass  mv-*Tirn  ratio  over  the  range  of  thrust.  The  flowmeters 
each  contribute  0.3  percent  (J-2  experience),  and  the  filtering  and 
multiplication  process  is  expected  to  contribute  another  1  percent.  If 
pressure  measurements  are  used,  less  accuracy  is  expected  because  of 
the  transducers  {Z  percent  accurate,  J-2  experience)  and  method  of 
computation  to  yield  an  estimated  10  percent.  The  open-loop  system  is 
expected  to  yield  an  a  :..aracy  of  15  percent  for  a  given  input  current. 

Dynamic  Performance 

(U)  Presently,  no  problem  in  dynamic  performance  are  anticipated 
with  either  the  closed -loop  or  open -loop  systems.  One  possible  cri¬ 
terion  may  arise  in  the  rati'>  of  fuel  turbine  time  constant  to  oxidizer 
turbine  time  constant;  too  large  a  discrepancy  will  cause  a  large  change 
in  mixture  ratio  during  fast  changes  of  input  for  the  open-loop  system. 
Another  disadvantage  of  the  open-loop  system  is  a  loss  in  flexibility  of 
manipulation  of  the  engine  transfer  function.  The  ability  to  change  this 
function  might  prov**  advantageous  in  the  advent  of  a  POGO  problem  or 
other  vehicle /engine  interface  instability  problems. 

(e)  Gimbal  Actuator  Study 

(U)  During  this  report  period,  a  preliminary  study  of  estimating  aim- 
balling  loads,  sizing  actuators  and  servovalves,  and  determining  the 
output  power  required  of  a  hydraulic  pump  was  completed.  Tne  results 
are  preliminary  ones  because  the  engine  thrust  structure  configuration 
and  exact  location  of  the  gimbal  bearing  and  actuator  attach  points  are 
not  yet  determined:  however,  one  of  the  four  candidate  tLrust  structure 
designs  was  selected  for  study  purposes.  Some  of  the  study  assump¬ 
tions  and  results  are  listed  below. 
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GENERAL  OPERATING  CHARACTERISTICS 
Gimbal  Angle  (in  circular  pattern),  degree* 
Gimbal  Rate  (maximum),  degree/«ec 
Gimbal  AcceleraHon  (maximum),  '^^ans/aec^ 
Longitudinal  Acceleration,  g 
Lateral  Acceleration,  g 
Engine  Moment*  of  Inertia,  in-Ib-sec^ 


Gimballing  Load*  (maximum),  in-ib 

At  30  deg/*ec  rate 

At  stall 

ACTUATOR 

Moment  Arm  (assumed),  inches 

Area,  sq  in. 

Stroke  (for  ±7  deg),  inches 

Rate  (maximum),  in/sec 

Maximum  Differential  Pressure,  psi 
At  33?, COO  in-lb  load  moment 
At  500,000  in-lb  load  momept 

Maximum  Force,  pound 

At  332,000  in-lb  load  moment 
At  500,000  in-lb  load  moment  (stall) 

Power  (maximum),  hp 

servovalve 

Flow  at  30  deg /sec  gimballing,  gpm 

Flow  Rating,  gpm 

At  1000 -psi  differential  pressure 
At  no  load 
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7 

30 

30 

5 

1.5 

5900  Pitch 
Axis 

5600  Yaw 
Axis 


332,000 

500,000 

31.25 

5.33 

±w.82 

16.36 

1992 

3000 

10,600 

16,000 

26.34 

22. 67 


22.60 

39.25 
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HYDRAULIC  PUMP 

Differential  Pressure  {nominal),  psi  3000 

Hydraulic  Fluid  MIL-H-5606 

Power  (gimballmg  in  actuator  plane),  hp  39.67 

Power  (gimballing  at  45-degree  plane),  hp 

32  gpm  at  3000  psi  56.1 

52  gpm  at  2000  pei  37.4 


(U)  The  study  reveals  that  the  thrust  structure  concepts  being  con¬ 
sidered  will  permit  a  substantial  moment  arm  (31  inches)  and  thereby 
minir-’ze  the  actuator  force  requirements.  If  the  girnbal  bearing  loca¬ 
tion  -o  raised  above  the  plane  of  the  injector,  the  engine  moment 
i'^ertia  will  uicrease  and  raise  the  pov'er  demands;  however,  even  the 
wors^  :ss  3  does  not  present  a  design  problem. 

(L)  At  the  Air  Force/RD  coordination  meeting  of  29  August  1966  a 
diagi  am  was  nresented  of  the  acceleration  loads  to  be  used  in  designing 
the  demonstrcvor  and  flight  modules.  These  loads  are  greater  tha;i 
those  used. in  the  study  to  date.  This  new  data  will  be  incorporated  into 
the  girnbal  and  actuator  load  definitioi.  during  the  naxt  quarter. 

(f)  Alternate  Engine  Cycle,  Gas  Generator 

(C)  During  the  second  quarter,  a  study  was  undertaken  to  compare  two 
different  aorosr  ’  e  engine  systems.  The  variations  involved  tapoff  vs 
gas  generator  ine  drive  gas  sources,  .vitn  hot  gas  used  to  ignite  the 
main  thrust  cliarnber.  The  effort  was  ,aitiated  tc  provide  backup  data 
based  upon  recent  experimenial  results  a-'-fl  design  studies  to  be  used 
in  a  final  system  configuration  selection.  Because  the  two  systems 
h-  '^e  many  common  componeats ,  the  decign  effort  currently  being  con¬ 
duct  1  on  the  tapoff  configuration  wiU  be  useful  tor  either  system  re¬ 
gardless  of  the  final  selection. 

(C)  The  two  candidate  systems  are  shown  schematically  in  figure  8. 

The  first  is  the  tapoff  driv'en  cycle  witii  a  hot -gas  igniter  for  thrust 
chamber  ignition,  Thrus  :  and  mixture  ratio  control  are  a(  hieved  v/ith 
hot -gas  valves  lu  he  turbine  inlet  lines.  The  igniter  temperature  is 
contrcTled  during  me  start  transient  by  the  use  of  a  liquid  oxygen 
regulator,  and  a  hot-gas  igniter  isolation  valve  is  required  in  the 
’  -niter  discharge  line  to  preie  '  tapoff  gases  from  circulating  i.ito  ihe 
■  r  body  cluring  mainstage. 
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(C)  The  second  system  is  the  gas  generator  driven  cycle  also  using 
hot -gas  as  the  thrust  chamber  ignition  source.  One  hot-gas  valve  is 
used  for  engine  mixture  ratio  control,  while  valves  in  the  gas  generator 
liquid  lines  are  used  for  thrust  control.  Two  additional  hot -gas  shutoff 
valves  are  required  in  the  thrust  chamber  ignition  lines,  while  the 
igniter  isolation  valve  is  eliminated  from  the  system. 

(C)  The  two  systems  will  be  compared  on  the  basis  of  performance, 
weight,  reliability,  cost,  risk,  and  operability.  Preliminary  resvilts 
have  indicated  that  the  tapoff  cycle  provides  a  small  (1  second)  per¬ 
formance  advantage  over  the  gas  generator  cycle:  however,  current 
test  results  have  raised  the  possib'  ty  that  the  tapoff  gas  properties 
may  have  a  lower  energy  contend  an  used  in  the  performance  calcula¬ 
tions.  If  the  tapoff  gas  properties  should  turn  out  to  be  closer  to  gas 
generator  properties,  then  the  performance  difference  will  become  even 
smaL  ~ 

(C)  From  a  weight  standpoint,  the  two  systems  differ  only  in  their 
ignition  systems,  controls,  and  drive  gas  systems.  Preliminary 

weight  comparisons  have  indicatv  i  the  two  are  virtually  identical. 
The  two  systems  both  require  the  w..  ..iC  hot-gas  manifold  because  it  is 
sized  for  the  start  condition,  and  the  gas  generator  and  hot-gas  igniter 
have  no  significant  weight  difference.  3oth  of  the  combustors  are  sized 
for  the  start  condition  and  only  the  injector  design  will  differ  between 
the  two.  While  the  gas  generator  system  employs  one  extra  valve,  the 
weight  of  those  valves  found  only  in  the  gas  generator  system  appears 
less  than  the  weight  of  those  valves  found  only  in  the  tapoff  system. 

Both  systems  use  the  same  four -way  hot-gas  distribution  manifold  at 
the  combustor  exit  together  with  the  same  hot-gas  ducting  design. 

(U)  From  the  schematic  comparison,  it  can  be  seen  that  the  differences 
between  the  two  systems  lie  almost  entirely  in  controls.  The  tapoff 
system  employs  eight  valves  and  the  gas  generator  system  nine.  Five 
valves  are  common  to  both  systems.  An  analysis  of  the  module  layout 
indicates  that  the  valve  changes  can  be  made  with  virtually  no  altera¬ 
tion  to  the  engine  packaging  arrangement.  This  ff.ct  greatly  enhances 
the  tapoff  development  program,  because  the  desiijn  is  flexible  and 
could  be  converted  lu  generator  design  with  a  minimum  of  effort 

and  time.  The  layouts  also  emphasize  the  fact  that  much  in-depth 
design  on  common  componi  nts  can  be  initiated  early  in  the  ADP  pro¬ 
gram  without  the  risk  of  lost  effort. 

(U)  Preliminary  th  ist  and  mixture  ratio  control  studies  indicate  that 
dynamics  of  the  system  controlled  with  turbine  hot-gas  valves  is  better 
than  that  controlled  with  gas  generator  liquid  propellant  valves.  Pre¬ 
liminary  studies  also  indicat-^  operation  and  control  of  the  gas  generator 
at  low  thrust  levels  may  present  a  problem  because  wf  the  low  allowable 
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injector  pressure  drops.  On  the  other  hand,  the  attainment  of  accept- 
abie  turbine  drive  gas  properties  in  the  tapoif  system  over  the  mixture 
ratio  and  thrust  range  of  interest  may  present  a  significant  development 
problem. 

(U)  The  factors  of  reliability,  cost,  risk,  anil  operability  have  not  been 
studied  quantitatively;  however,  a  preliminary  qualitative  assessment 
can  be  made.  The  tapoff  system  has  the  potential  of  being  the  simplest 
and  most  reliable  because  of  the  elimination  of  the  gas  generator  opera¬ 
tion  during  mainstage  and  the  simpler  control  problem.  But  it  may 
also  be  the  most  expensive,  and  involves  thcs  most  risk,  as  an  unknown 
development  quantity.  However,  the  development  risk  factor  is  reduced 
by  the  flexibility  of  the  system  and  its  ability  to  be  readily  converted  to 
a  gas  generator  design. 

(U)  The  main  development  advantage  of  the  gas  generator  system  is 
the  avoidance  of  the  development  of  a  thrust  chamber  tapoff  port  design. 
This  permits  the  he '  -gas  ignition  ports  to  be  designed  for  only  one 
function  without  compromise.  It  also  reduces  the  extent  and  complexity 
of  thrust  chamber  testing,  with  a  resultant  decrease  in  development 
cost.  However,  because  much  of  the  tapoff  development  testing  will  be 
conducted  on  low  thrust  level  segments  and  in  conjunction  with  normal 
thrust  chamber  testing,  the  actual  dollar  difference  will  be  difficult  to 
determine.  Further  effort  to  evaluate  the  two  systems  will  continue 
during  the  next  quarter  and  a  design  decision  will  be  made  at  that  time. 

(g)  Start  Dynamics 

(U)  A  dynamic  simulation  of  the  fuel  feed  system  was  developed  during 
this  rep>ort  period.  A  deep  chill  of  the  cooling  tubes  (-400F)  was 
assumed  in  this  first  analysis.  Also,  pump  surge  (a  region  of  positive 
H-Q  slope  or  discontinuity)  was  not  simulated.  As  the  study  progresses, 
effects  of  coolant  tube  initial  temperature,  pump  surge,  and  other  sye  - 
tern  parameters  will  be  added  to  the  scope  of  the  analysis. 

(C)  The  description  of  the  central  ignitor,  hot  gas,  and  turbine  flow 
system  was  modified  to  reflect  current  configurations  but  remained  in 
a  simplified  form.  Transient  performance  of  this  system  is  shown  ii 
figures  9  and  10.  The  valve  sequencing  in  shown  in  figure  1 1. 

(C)  Pump  speeds  rise  steadily  until  they  reach  9044  rpm  (LOX  pump) 
and  14240  rpm  (fuel  pump).  These  speeds  are  those  required  for  the 
20  percent  thrust  level  performance.  They  are  almost  40  percent  of 
thooc  required  for  250K  thrust  (because  the  flow  coefficient  is  50  per¬ 
cent  of  nominal)  due  to  the  flat  H-Q  characteristics.  A  controller 
which  affects  turbine  valve  area  is  responsible  tor  this  speed  profile. 
Fuel  turbine  valve  area  was  made  a  function  of  the  difference  between 
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14240  rpm  and  actual  speed.  LOX  turMne  valve  area  was  . 
function  of  the  difference  between  the  ratio  9044  rpm/ 14240  rpm  and 
actual  ratio  oi  LOX  and  fuel  pump  speeds.  As  a  result,  LOX  and  fuel 
discharge  pressure  are  very  close  to  each  other  during  the  dlirt.  The 
LOX  is  actually  slightly  lower  during  most  of  the  start.  This  pressure 
profile  reduces  demands  on  the  central  igniter  mixture  ratio  controller 
and  enhances  the  possibility  of  removing  the  requirement  entirely. 
However,  as  long  as  oscillations  exist  in  the  fuel  feed  system,  a  con¬ 
troller  will  be  required. 

(U)  Developments  in  the  NASA  SDI  program  are  being  continually  re¬ 
viewed  for  state-of-the-art  appiicaoility  to  the  ADP  program|  .  Recently 
a  test  progrPTT!  was  co-'ducted  investigating  the  priming  and  distributibn 
characteristics  of  the  LOX  manifold  utilizing  water  and  gas-wAter  in 
three  025-scale  transparent  models.  With  four  tangential  lines  feeding 
a  toroidal  manifold,  symmetrical  rapid  priminjj  occurred.  With  two'  ,  ,  ^ 
symmetrical  radial  arms  and  four  90-degree  tapered  ma.nifold  sectionsi* 
a  high  velocity  impact  against  the  end  of  each  section  occurred,  creating 
a  prv.ssure  wave  which  swept  back  through  the  manifold.  Th.a  charac¬ 
teristic  may  be  undesirable  at  engine  start,  iiowever,  evaluation  of  the 
water  flow  data  from  a  manifold  using  2 -tangential  inlets  indicates  it 
primes  uniformly.  In  addition  to  the  transparent  model  manifolds,  a 
full-size  four -tangential  inlet  manifold  was  constructed.  This  manifold 
was  water -flow  tested  at  the  high -flow  facility,  and  tests  results  have 
indicated  exce"ent  priming  and  fluid  distribution  characteristics.  As 
additional  results  are  obtained  from  the  SDI  program,  they  will  be 
uti^'zed  in  the  design  of  the  Demonstrator  Module. 

(1)  Preliminary  Design 

(a)  Demonstrator  Module 

(U)  The  demonstrator  module  layout  was  updated  during  the  quarte  r 
and  is  shown  in  figure  12.  It  incorporates  the  parallel  turbine  ar¬ 
rangement  established  during  the  last  quarterly  effort  and  several 
minor  changes  since  that  time.  Line  sizes  and  routings  were  altered 
and  the  main  propellant  valves  are  installed  in  a  vertical  plane  rather 
than  horizontal,  while  the  hot-gas  igniter  design  has  been  integrated 
with  a  single  isolation  valve  and  a  distribution  manifold. 

(U)  During  the  second  quarter,  in-depth  design  was  begun  on  the  engine 
subsystems  and  components.  Th:s  effort  was  undertaken  to  reveal 
some  of  the  design  problems  whicn  would  arise  and  require  additional 
tradeoff  studies,  and  to  establish  subsystem  envelopes  and  interfaces. 
However,  to  avoid  v/asted  effort  on  configurations  which  may  later  be 
ruled  out,  the  areas  currently  receiving  attenticik  are  components  and 
subsystems  which  are  either  common  or  very  air''’'>T  to  the  alternate 
module  designs  under  consideration. 
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(U)  The  four  main  engine  subsystems  (turbine  drive,  propellant  feed, 
igniter,  and  thrust)  were  studied  to  establish  the  criteria  for  the  initial 
release  of  the  preliminary  component  design  sheets,  and  to  define  the 
subsystem  envelopes  and  interfaces.  Subsystem  schematics  and.  func¬ 
tional  grouping  diagrar  i  were  prepared  ami  incorporated  in  a  subse¬ 
quent  revision  to  >.  design  sheets. 

Turbine  Drive  Subsystem 

(U)  Analysis  of  the  turbine  drive  subsystems  determined  th^.t  the  hot- 
gas  ducts  and  manifolds  mu!«t  be  sized  for  the  start  condition.  Further 
study  was  made  of  the  tapoff  duct  configuration  from  a  cost  and  manu¬ 
facturing  stamdpoint.  The  results  indicate  a  mirror  image  design 
which  sacrifices  a  few  poimds  of  weight  for  an  ease  in  fabrication  may 
be  the  most  attractive*. 

Propellant  Feed  Subsystem 

(U)  Deepening  of  the  propellant  fead  subsystem  design  covered  a  cryo¬ 
genic  seal  study,  a  propellant  duct  riaterial  trade-off  study,  and  a  pre¬ 
liminary  study  of  the  oxidizer  "V  branch  line.  Five  types  of  static 
seals  were  considered; 

1.  Elastomer  O-  rings 

Z.  MttaJ  O-rings  (vented  and  pressurised) 

3.  K-seals 

4.  Con -o -seal 

5.  Naflex 

(U)  The  Naflex  seal  was  sele*.  ted  because  oi  previously  conducted 
Rocketdyne  evaluation  studies,  wiich  deiermired  that  the  Naflex  seal 
perfora**  well  or  better  than  other  cryogenic  static  seals  available 
at  this  writing,  and  because  previous  Rocketdyne  us  ge  and  seiv-.cc 
experience  is  strongly  in  favor  ol  the  Naflex  sc  =1, 

(IT)  The  propellant  duct  materials  cons'dered  in  the  design  study  were 
347  CRFiS  tubing.  6061  -T6  alunr  ium  extruded  tubing,  and  Inconel  718 
welded  tubing.  The  Inconel  7  i  ;i  ubing  was  selected  on  the  basis  of  a 
higher  strength-to-weight  latto  and  superior  apabilit/  to  resist  ther¬ 
mal  stresses  and  deflections. 
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(U)  The  study  of  the  oxidizer  branch  line  included  an  evaluation  study 
to  determine  the  optimum  manufacturing  method  to  use  on  the  Y-fitting. 
The  methods  considered  were: 

1.  One-piece  forged  billet,  3-D  machined 

2.  Sheet  stock,  4-piece  weldment 

3.  One -niece  precision  investment  casting 

Controlling  factors,  weight,  cost,  ease  of  manufacture,  tooling  costs, 
reliability,  delivery,  and  simplicity  influenced  the  decision  to  design 
this  part  as  a  (3-D  machined)  one-piece  configuration.  Braided  wire 
flexible  hoses  were  also  considered  in  the  design  evaluation  of  the 
oxidizer  branch  line  assembly.  High  weight  and  pressure  loss  were 
the  significant  reasons  for  rejection  of  this  configuration. 

Igniter  Subsystem 

(U)  Analysis  of  the  igniter  subsystem  was  made  to  help  define  condi¬ 
tions  during  the  start  transient  and  also  to  define  thte  igniter  gas/tapoff 
gas  inter-relationships,  through  this  study,  it  was  determined  that  it 
was  desirable  to  isolate  the  hot-gas  igniter  body  and  injector  from  the 
tapoff  gases  flowing  during  mainstage.  At  this  time,  it  appears  that  a 
check  valve  as  previously  envirioned  is  unsatisfactory  because  pres¬ 
sure  in  the  igniter  is  always  greater  than  that  in  the  tapoff  duct  until 
the  igniter  is  sealed  off.  This  led  to  a  tentative  design  of  an  integrated 
hot -gas  igniter  body  and  poppet  valve.  The  design  shown  in  figui  e  13 
also  integrates  the  hot-gas  plenum  chamber  distribution  manifold  with 
the  igniter  body  and  valve.  The  manifold  has  four  openings  with  each 
tapoff  duct  inlet  co-li’  ear  with  a  turbine  drive  duct  outlet.  This  design 
thereby  minimizes  the  steady-state  tapoff  hot-gas  pressure  drop 
through  the  distribution  manifold. 

Thrust  Subsystem 

(U)  The  thrust  subsystem  was  studied  to  improve  accessibility  and  to 
analyze  the  thrust  structure.  The  accessibility  study  determined  that 
the  oxidizer  and  tapoff  ducts  should  be  designed  with  a  joint  at  a  diame¬ 
ter  greater  than  the  central  thrust  structure  beams.  This  would  per¬ 
mit  the  thrust,  chamber  to  be  detached  from  the  structure  and  dropped 
free  of  the  components  mounted  in  the  well  with  no  :nterference. 
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Figure  13.  Igniter  Hot-Gas  and  Isolation  Valve /Manifold  Assembly 
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(U)  The  method  of  mounting  the  pumps  on  the  thrust  structure  wag 
studied,  and  a  preliminary  concept  which  features  adjustability  in  all 
three  axes  is  shown  in  figure  14. 

(U)  A  deeper  thrust  structure  trade  study  was  initiated  primarily  to 
re-evaluate  the  weight  assembly,  and  accessibility  aspects  of  this 
component  assembly.  Figure  15  depicts  25  basic  concepts  in  three 
basic  categories  using  the  module  gimbal  point  as  a  means  of  classifi¬ 
cation:  (1)  locating  the  gimbal  point  at  the  elevation  ot  the  injector  face, 
(2;  and  (3)  locating  tne  gimbal  point  at  increasing  elevations  above  the 
injector  face.  A  limit  of  1  3  inches  was  placed  on  the  lowest  elevation 
to  be  occupied  by  the  structure,  because  of  volume  requirements  for 
module  components  v/ithin  the  thrust  chamber  centerbody  cavity.  The 
upper  limit  io  cctat'Hshed  bv  dynamic  envelope  and  engine  length  re¬ 
quirements  from,  module  application  considerations.  Out  of  the  25 
concepts,  four  candidates  (figure  16)  have  been  selected  for  more  ex¬ 
tensive  evaluation  preparatory  to  the  final  selection.  Figure  17  shows 
the  plot  of  weight  vs  height  for  the  truss  configuration  and  is  the  same 
in  general  for  the  beams.  Figure  18  shows  the  dimt.nsional  geometry 
of  the  module  related  to  available  space  for  the  thrust  structure.  A 
plot  of  the  module  dynamic  envelope  radius  vs  gimbal  point  elevation  is 
shown  in  figure  19  for  the  7 -degree  circular  gimbal  pattern, 

(U)  Final  analysis  and  evaluation  of  the  thrust  structure  trade  study 
will  be  completed  next  quarter, 

(b)  Flight  Module 

(C)  Preliminary  layouts  of  the  250K  and  ?50K  flight  modules  were  pre¬ 
pared  for  use  in  the  applications  study.  A  nominal  350K  engine  is 
shown  in  figure  20,  This  engine  delivers  a  vacuum  thrust  of  350K 
operating  at  an  engine  mixture  ratio  of  6:1,  The  annular  combustion 
chamber  operates  at  1500  psia  (nozzle  stagnation),  and  the  products  of 
combustion  arc  expanded  along  a  shrouded,  truncated,  25-percent 
length  spike  nozzle. 

(C)  As  shown  in  the  general  arrangement  drawing,  the  gimbal  point  is 
In  the  plane  of  maximum  diameter  and,  thus,  the  dynamic  diameter 
during  gimballing  is  the  same  as  the  static  diameter  for  this 
configuration. 
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Figure  18.  Gimbal  Heig^'  and  Thrust  Structure 
Space  Limita'ion  Diagram 
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Figure  19.  Increase  in  Dynamic  Envelope  Requirement  With  Gimbal 
Ce-^er  Elevation  Above  Position  where  =  ^dynamic 
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(C)  PA]r&m«tHe''«iififi.«  ptfUataikam^  iMd  |i<i^eiMilir#:^Mla)  : 

tm*r*t«d  iof  coifd»ii»  of  lb*  'ilffd#iiii  iNirftmtttt'rt  mi  iff  in 

RPL  on  9  Attguc*-  i960, 

3  '  ' 

Tbru0t,  fioimdt  X  10 

Gbamf^r  Prasaure  (noasla 
alftfiiaticm),  ptia 

Sn§iM  Mixttura  Ratio 

Bngiaa  DiattMter,  inchea 

{Cy  The  daia  are  based  on  the  premise  th#t  each  i^ins  will  be  capable 
ol  operating  at  the  design  thrust  level  over  a  ttiailkf*.  ratio  excursion 
from  5  to  7  withh  nominal  at  6.  System  geometry  was.  therefore, 
established  in  each  case  for  a  mixture  ratio  of  6,  tthd  performamce  was 
then  determined  over  the  reqtdred  mhctttre  ratio  range  &r  each  gap* 
metry.  The  nominal  chamber  jitefiaiaree  «wod  in  ^  atody  were  eitab* 
lished  to  exist  at  mlxture  ratio  of  6,  Because  of  perlormance  chafes 
wUdi  restated  from  mixture  ratio  variatio**,  chaiid»er  pressure 
vary  when  thrust  is  held  ccmetant.  The  effect  of  mixture  ratio  variation 
on  chamber  pressure  at  constant  thrust  is  shown  in  figure  21.  It  should 
be  noted  that  this  figure  applies  to  all  values  of  nomllili  thrust  and 
diameter.  Variations  over  the  thrUst  and  diameter  range  considered 
here  were  shown  to  he  insignificant. 


isb.  2d0,  250*  3d0,  ill 

7Si*  1000,  12^.  !  500,  If  so.  2000* 

5.0*  S.5.  6.0. >5,  7.0 
iOtolM 


Subsequent  to  the  preparation  of  the  parametric  data,  the  program 
was  reoriented  by  RPL  to  remov '  the  requix*ement  for  constant  thrust 
capability  over  tha  mixture  ratio  excursion.  The  design  direction  to  be 
taken  in  response  to  this  chuige  is  currently  being  evaluated. 

(c)  Turbopumpb 

Hydrogen  Pump 

(C)  A  Bumtnary  of  fuel  turbopump  operating  raquiremeuts  is  shc^^^ 
in  TaMie  4.  The  estabiishmnst  of  the  maximtun  operatic  head  xsi  the  ^ 
fuel  pump  at  59.116  feet  (Table  4),  required  a  re-evaluadm  of  the  sdlec~ 
tion  of  the  type  of  pump  Wet  able  to  meet  this  requiremsfat.  Ths  three 
typee  of  eondigurattone  re-evaluated  were: 

1.  Single-stage,  inducer/ceatriRifal  pump  (1-1/2  sbgKesI 

2.  ^gle-etsge,  multlvaiiad  cc&tttfUial  pump  (multiStaW  radial) 

3.  Two-stage,  cesttifugal  ptts:^ 

arha  data  win  be  extended  to  ii^lude  2250  fwia  next  qtarter. 
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TiBI£  4 

FUEL  TUBBQFOMP  ORBAIIN6  SEQmBEMBNTS 


Noninal 
Mixture  Ratio 

Maxiaua 

:  a 

Pump 

Flowrate,  Ib/sec 

Discharge  Pressure,  paia 

2635 

3014 

Head,  feet 

81,669 

92,840 

Flov,  gpa 

8449 

9428 

NPSH,  feet 

60 

60 

Turbine 

Inlet  Pressure,  psia 

1017 

1438 

Inlet  Tenperature,  F 

1500 

1500 

Horsepower 

15,708 

19,273 

NOTE:  ISO  10  hours 

Restarts  100 

Throttling  ratio  5:1 
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The  pump  parameter •  at  the  design  point  are  shown  in  Table  5  and  H-Q 
and  efficiency  curves  for  the  three  typ^s  are  shown  in  Figure  22.  The 
evaluation  of  the  pumps  was  made  on  the  basis  of: 

life 

Weight 

Hydrodynamic  Performance 
Uprating  Capability 
Manufacturing  Difficulty 
Efficiency 

Off  Design  Perfornutnce 
Structural  Design 
Maximum  Bearing  DN 
Maximum  Seal  Speed 
Overall  '  mens i 'ns 

(U)  Table  6  is  a  compilation  of  properties  of  possible  impeller  materi¬ 
als.  Titanium  and  several  aluminum  alloys  were  chosen  for  their  good 
strength-to -weight  ratio.  Ductility,  ease  of  fabrication,  and  history  of 
successful  use  as  impeller  material  were  also  considered.  Figures  23 
and  24  indicate  maximum  allowable  tip  speed  for  various  impeller  back 
plate  configuration  and  materials.  These  tip  speeds  were  calctilated  in 
accordance  with  established  Rocketdyne  burst  speed  policy:  i.  e. ,  the 
maximum  allowable  speed  eqiials  to  75  percent  of  the  burst  speed.  The 
effect  of  peak  stress  due  to  bending,  was  not  included,  and  may  decrease 
these  allowable  speeds  somewhat.  A  weight  comparison  of  the  two- 
stage  impeller  configurations  for  aluminum  and  titanium  is  shown  in 
Table  7. 

(U)  One  of  the  important  considerations  with  respect  to  the  multistaged 
radial  pump  is  the  maintenance  of  minimun.  tip  clearance,  and  to  evalu- 
e  this  a  preliminary  structural  analysis  of  a  volute  configuration  for 
uie  radially  staged  LH2  pump  was  tuiaerta^en.  Figure  25  is  a  repre¬ 
sentation  of  the  deflected  shape  of  the  voJ  due  to  internal  maximum 
pressure.  The  magnitude  of  the  calculated  deflections  are  shown  in 
several  locations.  These  values  may  be  reduced  by  increasing  the 
thickness  of  the  volute  in  certain  areas  and  by  designing  the  volute  in¬ 
let  guide  vanes  to  ^arry  compressive  loads.  Other  soxu’cec  of  struc¬ 
tural  displacement,  affecting  tlie  tip  clearance,  are  also  tabulated  in 
figure  25. 

(Ul  A  sunornary  of  the  comparison  of  the  thres  LH2  configurations 

is  shown  in  Table  8.  Based  on  weight,  efficiency,  uprating  capability 
and  off -design  performance  characteristics,  the  1-1 /2-stage  pump  was 
sliminatsd  from  further  consideration.  The  choice  between  the  two- 
stage  centrifugal  and  the  radial -staged  pump  wae  more  difficult.  Weight 
efficiency  were  about  equal.  Reliability  and  long  Ufa,  achieved  through 
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EFFICIENCY,  PERCENT  HEAD,  FEET  X  10-3 
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FLOW,  GPM  X  10-3 

Figure  22.  Mark  10  U-(,'  an;!  l.Tfii  v  (  ia  vc;^ 
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NC^TE:  WEIGHT  OE  P(^T 
IHiKlUOAHDVilNES 
tS  CONSIOEREG 
IH  GALCUUTIONS 


■mis  PORTION 
OP  Ei^PLItE 


Figure  23.  One  and  One-Half-Stage  E^drogon  Impel Ux’  Bockplate 
Allowable  Tip  Speeds 


MATERIAL 

configuratioiT'^'--^ 

6m1-T6 

ALUMINUM 

A110>AT-ELI 

(5Al-2.5Sn) 

TITANIUM 

NO.  1 

1446  FT/SEC 

1«W  FT/SEC 

NO.  2 

1473  FT/SEC 

IPJi  FT/SEC 

. : Oman 
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TWO-STAGE  IMPELLER  WEIGHT  COMPAHISON 


16.0 

16.1 

17.7 

20.0 

«  1 

(C 

rH 

VO 

VO 

o 

« 

• 

• 

* 

• 

O) 

*4* 

VO 

IfN 

rH 

rH 

rH 

rH 

rH 

• 

• 

• 

• 

• 

K^ 

i 

C*v 

o 

o 

« 

t 

v 

« 

« 

Ov 

o 

rH 

M 

rH 

pH 

rH 

rH 

rH 

00 

CTv 

r\ 

r-. 

« 

« 

<» 

• 

r- 

00 

o 

Ov 

rH 

'sis’SWSSSW.if"- 


CONFIOENTUL 


61 


CONFIDENTIAL 


I  « 


Ui 

z 

□ 

oc 

Ul 

H 

z 

u  ' 

h* 

U. 

< 


< 

O 

< 

ly 

O 

Z 

u 

z 

Ui 

3 

-J 

U. 

z 

iO 

Ui 

U 

oe 

3 


suo  Vu 

15^11 


iisSee 

f  I  ~  —A  .3 

UJ  2  UJ  Q  O 

siiii 

Q.~7H-K> 

«  Q  o  u  u 

U  7  ^  ^ 

<  o  h  J  -J 

»  </>  Ui  UJ 

7*  — i  Q  Q 
Z  Q-  u,  “  “ 

<  111  Ui  Of  oe 

UiljQUJUJ 
*“  2  H  -J  H 

3  ^  It  Ui  Ui 

5  X 1 1 

>  01  rs  £?  s 


»—  oi  eo 


i 

V 

tl 

eu 


« 

«> 

(0 

B 

q; 


o 

•tJ 

CA 

■§ 

Of 

'S 

t2 

g 

tD 

O 

h 

'C 

O 

CO 

o 

o 

*H 

-M 

0) 

r-H 

«N 

Q 


TUHBOPUMP  COMPARISON 


the  design  spproach  of  as  few  parts  as  possible,  a  minimum  number  of 
joints  a^  high-pressure  leak  paths,  elimination  of  stress  areas  and 
material  selection  for  adequate  strength,  was  roughly  equivalent.  The 
problem  area  of  the  cross  over  lines  on  the  two-stage  design  was 
balanced  by  the  problem  of  maintaining  rotor  tip  clearances  on  the 
multistaged  radial.  Seal  speeds  and  bearing  DN  valties  were  almost 
identical;  however,  the  H-Q  characteristic  of  the  radial-s&tged  pump 
waa  steeper,  which  is  more  desirable  from  a  throttling  standpoint. 

(U)  The  final  decision,  the  selection  of  the  two -staged  centrifugal  pump, 
was  not  based,  therefore,  on  any  technical  superiority,  but  on  the  lack 
of  empirical  data  on  the  stall  characteristics  of  the  radial -staged  pump 
whi'h  would  require  additional  testing. 

Oxidizer  Pump 

to  The  preliminary  LOX  pump  parameters  are  summarized  in 
Table  9.  The  LOX  turbopump,  is  proposed,  operated  at  a  speed  of 
25,000  rpm  and  utilized  an  outboard  bearing  on  the  turbine  end  of  the 
shaft  which  was  lubricated  with  liquid  hydrogen.  The  problem  of  dis¬ 
tortion  in  the  hot  bearing  support  and  the  complexity  of  piping  liquid 
hydrogen  to  the  LOX  turbopump  bearing  resulted  in  the  evaluation  of  an 
overhung  turbine  design.  The  required  small  inlet  diameter  of  the 
pump  at  25,QQQ  rpm  resulted  in  a  critical  speed  problem  with  the  over¬ 
hung  design  which  was  resolved  by  decreasing  the  pump  speed  to 
20,000  rpm.  This  increased  the  pump  inlet  diameter,  thus  increasing 
the  shaft  diameter;  however,  it  reduced  the  turbine  u/c  ratio  and  re¬ 
sulted  in  an  increase  in  turbine  weight  flow.  A  larger  turbine  diameter 
is  currently  being  investigated,  '..hlch  will  uJu  weight  but  re-estabush 
the  lower  turbine  weight  flow,  Evaluativiu  of  the  two  configurations  is 
continuing. 

(d)  Thrust  Chamber 

(U)  The  demonstrator  modulv  thrust  chamber  design  effort  was  deep¬ 
ened  to  include  dc ‘-ailed  analysis  of  the  structure,  combustor,  injector, 
heat  transfer,  and  nozzle. 

Structure 

(C)  During  this  report  period,  the  design  approach  to  the  chamber  wall 
structure  has  been  defined.  The  design  selected  embodies  a  chamber 
wall  stn  ‘-ure  of  titanium  alloy  (6A1-4V).  Nickel  coolant  tubes  will  be 
brazed  to  a  thin  In’oriel  718  backup  member  (either  bands  or  a  complete 
sheet)  which  in  turn  will  be  epoxy -bonded  to  the  titanium  structural 
wall.  In  addidon,  the  chamber  walls  will  bs  linked  together  by  bolting 
through  the  40  chamber  baffles.  This  structural  tie  will  maintain  the 
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throat  gap  within  acceptable  limit*  during  firing  and  will  result  in  a 
significantly  lower  chamber  weight  over  an  unlinked  design. 

(U)  This  design  approach  restilted  from  a  parallel  and  competitive  de¬ 
sign  study  which  compared  a  conventicual  Inconel  718  structure  (fig** 
ure  Z6),  the  selected  machined  titanium  alloy  configuration  (figure  27), 
and  more  advanced  stiructural  concepts  of  honeycomb  (figure  28)  and 
press  diffusion -bonded  titanium  (figure  29).  The  critc  "la  for  selection 
in  this  design  study  were  weight,  manufacture  and  assembly,  cost,  and 
experience  as  seen  in  Table  10.  Th:  more  advanced  honeycomb  and 
diffusion-bonded  titanium  designs  will  require  development  of  the 
specific  fabrication  method  which  would  rcqk-''»*e  more  time  than  avail¬ 
able  for  the  demonstrator  module.  They  were  therefore  eliminated  for 
the  demonstrator  and  20K  segment.  They  do  point  out  the  potential  of 
advanced  fabrication  techniques  for  the  flight  module. 


(U)  Table  10. Design  Comparison  Study 


Design 

— 

Chamber 

Weight 

— 

Experience 

Manufacture 

and 

Assembly 

Cost 

Machined 
Inco  718 

990 

State -of-the -Art 

Difficult  to 
machine 

Moderate 

New  asoem- 

Machined 

Titanium 

750 

Semiadvanced 

bly  tech¬ 
niques 
requii  ed  for 

Moderate 

epoxy 

assembly 

Titanium 

Honeycomb 

650 

Advanced 

Difficult  to 
machine  and 
assemble 

High 

Diffusion- 

Extrem<:-iy 

Bonded 

600 

Advanced 

difficult  to 

High 

Titanium 

,  ,,  .J 

assemble 

(U)  Titanium  was  selected  for  the  chamber  wall  structure  because  of 
its  extremely  high  stren^lh-to-weight  TCtio.  Apr- oximately  ZOO  pounds 
weight  savings  can  be  effected  with  titanium  ov  an  Inconel  718  con¬ 
figuration.  Fabt-ication  of  the  titanium  wall  will  be  achieved  by  ma 
chining  a  ring  forging  to  the  configurat’on  required  to  yield  the  highest 
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HIGH  DENSITY  HONEYCOMB 


LOVk  >(EJ»S1TY  HONEYCOMB 

Figure  28,  ADP  Deraonstration  Ohoisbcr  Strtdy 
(Honeyco*"’,)  Svi:  uctare  ) 
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:ure  29.  ADP  Densons trat ion  Cbamber,  Pressure  Diffusion-Bonded  TitnoiaB 


iMnM^ 


strength>to-w«ight  design.  Tkl»  metbod  was  seiscicd  mw  a  reHictiiiMwl 
and  welded  asaemldy  because  it  can  be  designed  to  Idglwr  stvea#. levels 
due  to  the  absence  of  welding* 

(U)  The  selected  baffle  coolant  circuit  is  sbosm  In  Hgure  30*  Pre^iute 
drops  shown  represent  increases  above  coaditione  tihat  already  exilst  in 
the  chamber  as  a  result  of  cooling  of  the  tvd^e  bumdle.  This  ehrc'dt 
combined  the  most  desirable  features  of  the  two  alternate  cowftgurations 
shown.  In  this  design,  both  the  pressure  drop  and  bulk  tem^Mirature 
rise  of  the  separate  flow  paths  have  been  balanced  before  they  ^re 
combined  in  cooling  of  the  outer  wall  immediately  upstream  of  the  throats 
Furthermore,  the  baffle  is  separated  from  the  injector  assembly  which 
ensures  easier  installation  of  the  injector  on  the  chamber  wall  assembly, 

(C)  Two  concepts  (figure  31)  were  studied  for  the  structural  tie  between 
the  inner  and  outer  chamber  bodies.  The  first  was  the  selected  tie 
through  the  chamber  baffles  as  seen  in  figure  27,  while  the  second  was 
to  employ  structural  ties  in  the  subsonic  portion  of  the  combustor  im¬ 
mediately  upstream  of  the  throat  (figure  32).  Chamber  stability  baffles 
would  still  be  reqviired  with  this  design. 

(C)  The  initial  results  of  this  study  indicated  that  80  subsonic  ties 
together  with  40  stability  baffles  would  yield  the  lightest  weight  cham¬ 
ber  assembly.  Detailed  design  and  analysis  revealed  that  with  80  pre- 
loaded  ’‘ies  the  predicted  weight  increased,  while  the  amount  of  chamber 
blockage  increased  the  heat  flux  on  this  tie  from  approximately  15  Btu/ 
in^-sec-F  to  28  Btu/in^-sec-F,  and  therefore  increased  the  coolant 
pressure  drop  required  to  cool  the  tie.  Furthermore,  with  both  a  sub¬ 
sonic  tie  and  a  stability  baffle  to  cool,  the  hydrogen  coolant  circuit  be- 
c»«ae  undesirably  complex.  For  these  reasons,  the  80  separate  struc¬ 
tural  tie  design  was  abandoned  in  favor  of  using  bolts  through  *’he  40 
baffle  «>. 

Combustor  Configuration 

(C)  The  combustor  as  described  in  the  first  quarterly  report  is  identi¬ 
cal  to  that  of  the  250K  experimental  thrust  chamber,  and  it  is  2  inches 
wide  and  6  inches  from  the  injector  face  to  the  throat.  The  combustor 
side  walls  are  parallel  and  *'he  range  angle  of  approach  to  the  throat  is 
40  degrees.  The  effective  contraction  ratio  is  7.1:1,  and  the  effective 
L*  is  40  inches.  The  combustor  volume  is  divided  into  40  compart¬ 
ments  by  full-length  structural  baffles. 
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£»tructaral  Tie  Ccmcepte 


Proposed  250K  Aerospike  Thrust 
Ch&hiber,  80-Subsoric  Strut 
Configuration 
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Injecto.  Configuration 

(r)  The  demonstrator  modtile  injector  pattern  will  be  the  same  as  the 
250K  experiment  '!  injector  with  modifications  found  necessary  in  the 
test  program.  The  design  characteristics  are  given  in  Table  11.  The 
pattern  features  a  continuous  raised  hydrogen  post  which  is  seated 
between  recessed  LOX  flat  stripr.  Two  LOX  j  ts  impinge  below  the 
hydrogen  post  to  form  a  LOX  fan. 


Table  11.  Injector  Characteristice , 
250K  Injector 


Characteristic 

System 

— 

System 

79.21  Ib/sec  at  1  50u  psia 

476.26  lb/  se''  at 
1500  psia  P^ 

Ap 

400  psi  at  1500 

37  5  psi  at  1  500  P^ 

T 

400  R 

°«2 

■ 

P02 

70  P'/ft^ 

No.  of  oryices 

Z800  (includes  bia-^) 

' 

4.4«0 

^ole 

0.070  inch 

0,0368  inch 

■^total 

9.07  sq  in. 

4,77  gq  in. 

0.90 

0,92 

L  ^  . 

STKIP  GEOMETRY 


Post  Height 

0.238  inch  abo’. 

H,  f-^odC-to-Impingement  i  ’stance 

0.  ibO  uicti 

Angle  'LOX  to  LOX  included) 

60  degrees 

Overall  P  ight  of  Strip 

C.498  inch 

No.  of  elements  per  strip 

8 
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Thrust  Chamber  Heat  Transfer 

(U)  The  design  for  the  250K  demonstrator  engine  cooling  tubes  will 
commence  in  the  next  quarter.  It  will  incorporate  the  latest  informa¬ 
tion  concerning  heat  flux,  choice  of  wall  material  and  operating  tem¬ 
perature  limits  for  long  life,  tube  roughnesses  which  can  be  reasonably 
expected  based  on  2.5K  tube  segments,  and  coolant  curvature  enhance¬ 
ments.  Effects  of  baffle  design  which  is  currently  in  progress  on  the 
tube  cooling  requirements  will  be  considered. 

Nozzle  Contour 

(IJ)  The  contour  and  shroud  configuration  for  the  demonstrator  module 
thrust  chamber  ware  selected  oi  .he  basis  of  high  performance  at  all 
altitudes  and  heat  transfer  cosisiderations.  The  latter  involved  a 
shock -boundary  layer  interaction  phenomenon  which  could  possibly 
lead  to  local  boundary  layer  separation  and  adverse  local  heat  fluxes. 
Both  the  performance  estimates  and  the  prediction  of  the  shock¬ 
boundary  layer  effect  are  highly  dependent  on  the  predicted  wall  pres¬ 
sure  profiles. 

(U)  To  verify  the  theoretical  calctdation  techniques  employed  to  predict 
the  w<^U  pressure  profile  an  experimental  cold  flow  nozzle  test  series 
was  conducted  under  separate  cask.  The  cold  flow  .nodel  employed  in 
the  test  series  was  u  two-dimensional  quarter-scale  segment  of  the 
250K  experimental  hrust  chamber.  Both  analytical  and  experimental 
wall  pressure  profues  for  a  typical  data  run  are  shown  in  figure  33. 

The  results  of  these  testa  confirms  that  the  analytical  model  employed 
to  predict  wail  pressure  profiles  of  the  250K  experimental  thrust  cham- 
oer  is  more  than  adequate.  Based  on  these  model  tests,  it  can  be  con¬ 
cluded  that  high  uozzit-  perfer -nance  will  be  obtained  at  all  altitudes  and 
that  no  oiverse  heat  transfer  coviditiorio  will  occur  as  a  result  of  shock- 
bounaarv  layer  interaction. 
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conditiou.  The  renults  showed  a  l.i  second  decresfe  in  specific  im*- 
psiiise,  indicating  that  a  very  substantial  decrease  ia  tilie  energy  coutei^ 
of  the  tapofi  gases  at  throttled  condition*  will  not  seriously  penalize 
engine  performance, 

(2)  Hot -Gas  Ignition 

(C)  Hot-gas  ignition  of  the  main  "kamber  hat  been  a  problem  area 
which  is  being  studied  under  a  sepaiate  test  program.  The  raqidred 
hot  “gas  and  liquid  propellant  conditions  for  smooth  repeatable  starts 
are  being  determined.  Problems  in  igniting  liquid  hydrogen  earlier  in 
the  quarter  have  been  overcome,  and  results  to  date  have  been  quite 
satisfactory.  Ignitions  have  been  achieved  with  a  hot -gas  temperature 
as  low  as  1370  5'  at  the  proper  sequence  mixture  ratio  and  with  liquid 
hydrogen.  Data  from  this  program  will  he  used  to  finalize  the  thrust 
chamber  and  ignition  system  designs. 

(3)  Hydrogen  Feed  System  Start  Transient 

(U)  A  major  start  transient  problem  area  may  be  large  flow  oscilla¬ 
tions  in  the  main  fuel  feed  system.  An  analog  of  this  system  could  be 
a  line  filled  with  a  cryogenic  fluid,  a  valve,  and  a  large  bottle  with  a 
small  hole  discharging  to  atmosphere  (as  shown  below).  The  bottle 


is  the  coding  tubes  and  the  small  hole  is  the  throat  section  of  the  tubes. 
When  the  valve  is  opened,  liquid  flows  into  the  warm  container  and 
turns  to  gas  whicli  is  compressed  at  relatively  high  pressure.  Being  a 
gas,  it  cannot  escape  rapidly  enough  out  cf  the  small  hole,  therefore  a 
flow  reversal  or  oscillation  occurs  in  the  line.  Two  things  can  happen 
to  stabilize  the  system.  The  container  chills  to  liquid  temperature 
reducing  gas  formation,  or  line  pressure  increases  decreasing 
capacitance. 

(TJ)  If  these  oscillations  are  severe  enough,  they  can  drive  tb,  purap 
into  an  unfavorable  operatitig  region  such  as  a  "surge”  or  "stall"  region 
from  w’hich  recovery  may  be  difficult.  It  appears  that  some  sort  of 
auxiliary  flow  system  will  be  reqv.ired  to  maintain  pump  flowrate  above 
some  minimum  value.  This  system  may  take  the  form  of  fuel  pump 
recirculation,  or  fuel  dump  into  the  fu'-l  turbine  discharge,  LQX  turbine 
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(4}  Qac^acs-y  pjrxjt^g  and  Valve  ^eqv 


^U)  The  problem  of  main  oxddiaer  eyatem  priming  i$  feeing  atndied 
under  iho  NASA  Sysfeetna  I>yTiamica  Inveatigation  Program  Comraot  = 
NAS  8“19.  Thia  study  i«  inveatigatsag  JjOX  priming  volumea  and  tlmea 
and  ia  considering  the  technical  problem#  of  multiple  liaea,  eymmetri- 
cai  and  uiisymmets'lchl,  configur^^tions,  feaHlea,  and  orificing^ 


(C)  Priming  tha  xtiain  oxidiaer  ayatem  and  aeqnencing  the  main  LOX 
valve  will  be  a  critical  point  ia  the  atart  aequencmg.  WiA  a  relatively 
flat  H-Q  pi’mp  curve,  fuel  flowrate  dropv  into  the  surge  region  and  may 
not  recove  .  Thua,  a  two'Step  with  ramp  aecondary  opening  main  LOX 
valve  aa  need  in  J-2  type  engines  may  be  reqxsired  and  ia  shown  in  fig¬ 
ure  1 1.  Increasing  the  negative  slope  of  the  H-Q  map  will  decrease  the 
criticality  oi  these  requirements. 


(5)  Hot -Gas  Priming 

(U)  Gas  dynamics  and  heat  transfer  is  expected  to  be  important  in  the 
hot-gas  system.  This  system  is  siaed  to  have  minimum  pressure  drop 
to  maximize  available  turbine  starting  torque.  Its  flow  capacity  is 
actually  larger  than  that  required  to  drive  the  engine  at  100-percent 
thrust.  Thia  large  capacity  creates  a  large  priming  volume  and  heat 
transfer  area,  signifying  that  gas  dynamics  and  heat  transfer  will  be 
important  as  it  wa®.  with  the  J-2  crossover  duct. 

(6)  Oxidizer  Propellant  Feed  Line  Configuration 

(U)  The  oxidizer  propellant  feed  line  configu  ition  is  still  an  unre¬ 
solved  problem  area.  The  current  layout  ahc  's  two  symmetrical 
branch  lines  from  the  pump  to  the  thrust  charr  .er  manifold.  The  LC’^ 
priming  a<^”die8  being  conducted  on  the  NASA  Systems  Dynamics  Inves- 
tivtition  program  are  considering  two,  four,  symmetrical,  and  unsyme- 
trical  branch  lines.  The  latter  design  appears  to  decrease  the  priming 
time  and  provide  a  more  uniform  oxidizer  distribution  in  the  manifold. 
The  effects  of  unsymmetrical  lines  has  not  yet  been  determined,  and 
the  packaging  problem  of  more  than  two  lines  has  not  been  assessed. 
The  final  design  configuration  must  therefore  await  further  results 
from  the  Systems  Dynamics  investigation  together  with  design  trade-off 
studies. 
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(U)  AnotlMr  probtana  «r«a  aria««  ia  tka  dy»alfa  qf  (|mi  ^unift  i^UM^r/ 
^miat  mevoA  intarlaca*  Tha  thruat  chao^ar  win  •  vadUl 

extraction  aa  a  raault  of  introdneing  UtffM  kf^ogm  iwo  t|«  regattara- 
tiva  cooling  circuit  prior  to  anaia  ckansbar  IgaiticM.  Rowtaar*  flM 
thruat  mount  structure  will  remain  at  apprOsimatalp  amliiaat  tan^waa- 
tura,  raaulting  in  a  tandxcy  toward  ralaiiva  tadiiR  aaotamaat  hadwaan 
theca  two  components  which  produces  loads  ou  the  Ruruat  mottat  cona 
structure*  Tha  two  eomponxto  must  therefore  he  ieolated  maehMically. 
TUs  may  be  accomplish^  through  the  use  of  a  thermal  espaasix  cm- 
nection  except  at  the  component's  circumferential  L.terface  which  will 
allow  unrestrained  radian  movement  during  component  tas^wrature 
differences  with  no  effect  on  concentric  alignment.  The  technique  will 
Btill  provide  a  rigid  load  path  during  engine  tiiruat,  dry  gimballhag, 
shlpidag.  and  handling. 

{8}  Fuel  Turbine  Seal 

(U)  A  problem  area  in  the  fuel  turbopump  is  the  rotating  seal  between 
the  second  stage  pump  inlet  and  the  turbine.  In  this  location,  tha  pres> 
sure  difference  between  *:he  fuel  preseure  and  the  turbine  pressure  is 
greater  than  can  be  handled  by  the  seal  bellows.  A  partial  solution  to 
the  problem  is  to  use  a  conventional  *;urbine  arrangement  instead  of  the 
reversed  flow  turbine  as  this  puts  tha  higher  pressure  ntage  next  to  the 
pump  inlet,  decreasing  somewhat  the  preeeure  difference.  To  further 
decrease  the  pressure  differential,  additional  labyrinth  and  a  seal  may 
be  required. 

(9)  Preinducer  Drive 

(U)  The  LOX  turbopump  design  requires  the  LOX  preinducer  to  gener¬ 
ate  a  relatively  high  load.  This,  co.abined  with  the  NPSH  specification, 
is  causing  matching  problems  between  the  preinducer  and  the  main 
impeller.  During  throttling  operajion.  the  preinducer  flow  coefficient 
decreases  more  rapidly  as  the  pump  flow  is  dropped.  One  solution 
would  be  the  use  of  a  high-speed  inducer  attached  to  the  main  pump; 
however,  this  wiii  increase  the  largest  of  the  unit  as  well  as  add  weight. 
Additional  matching  studies  are  underway. 

d.  Summary  of  Planned  Effo 

(1)  System  Analysis 

(U)  The  nominal  engine  design  point  balance  will  be  continually  up¬ 
dated  aa  component  designs  become  final.  A  criteria  for  establishing 
the  uppe.  limit  of  thrusi  over  the  mixture  ratio  range  will  be  established 
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•«rly  in  the  nnxt  vnport  pariod  and  componant  daaign  ra^uiraniMi^ 
modifiad  at  nacaaaary.  to  raflact  tkia  daciaian. 

(U)  Salaction  of  tha  control  loop  for  mixture  ratio  and  thruat  will  be 
accom^iahad  in  tita  next  report  period.  Analog  cmnpi^er  deai|pt 
parameter  atudiea  will  be  completed  and  control  component  parametara 
requirementa  defined.  Deaign  of  the  control  ayatem  will  be  initiatad* 

(U)  Tha  avaltaation  of  tapoff  va  gaa  generator  cycle  will  be  completed 
and  component  deaign  requirementa  modified  aa  neceaaary  to  reflect 
the  deciaion. 

(U)  Converaion  of  the  digital  model  to  the  IBM  360  ayatem  will  be 
completed  early  in  the  next  quarter.  Evaluation  of  candidate  hydrogen 
dump  and  bypaaa  achemea  to  minimiae  hydrogen  cooling  tube  inata- 
bility  and  avoid  pump  operation  in  the  aurge  region  will  be  conducted. 

Hot 'gaa  valve  tranaient  requirementa  for  balanced  apeed  buildup  imder 
both  aea  level  and  altitud  '  conditiona  will  be  determined.  The  dy- 
namica  of  the  hot-gaa  igniter,  inclxiding  priming  tranaient  and  tendenciea 
towarda  chugging,  and  control  reaponse  requirementa  will  be  evaluated. 
A  aimulation  of  the  ahutdown  aequence  will  bo  accompliahed  to  evaluate 
cutoff  problema  and  eatabliah  valve  ratea. 

(2)  Preliminary  Deaign 

(U)  A  study  of  propellant  feed  subsystem  assembly  and  maintainability 
will  bo  made  in  addition  to  a  study  of  duct  routing  that  will  provide  for 
better  system  isolation.  In-depth  design  studies  will  be  performed  to 
optimize  the  number  of  oxidizer  branch  lines  (utilizing  inputs  from  the 
NASA  SDl  program),  to  determine  the  optimum  method  for  "upporting 
the  turbopumpf ,  to  further  evaluate  cryogenic  seals  for  static  applica¬ 
tions,  and  to  select  the  best  technique  for  thermal  isolation  of  hot 
components. 

(U)  The  thrust  structure  trade  study  will  be  completed  and  a  thruct 
structure  selected  for  the  nodule.  The  thrust  subsystem  design  la>  - 
out  will  be  carried  through  a  second  iteration.  The  engine  general 
arrangement  will  be  modified  as  necessary  to  reflect  the  pending  de¬ 
cision  relative  to  type  of  control  loop  and  turbine  drive  gas  source. 

(C)  The  250K  and  '350K  module  parametric  performance  and  weight 
data  will  be  modified  as  necessary  to  reflect  design  decisions  during 
the  course  of  the  study.  Sensitivity  of  system  performance  to  compo¬ 
nent  variation,  such  as  turbine  inlet  temperatures,  turbopump  efficien¬ 
cies,  system  AP  nozzle  perc  nt  length,  and  etc.  will  be  investigated 
during  the  next  quarter. 
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(U)  Opkimisatioo  of  tiM  proiadttcor  drivo  dotign  to  orHvo 

at  minimum  weight  and  «iaa  and  maximoin  cvaratt  ilrilelfMy*  Oetign 
problems  and  advantages  of  the  following  confignratlofui  are  being 
inveetigattti. 

1.  Through  flow  preinducer 
Z.  High-pressure  tip  turbine  preinducer 

3.  Gear  driven  preinducer 

4.  Separate  gas  turbine  driven  preinducer 

The  turbopump  design  effort  will  be  deepened  to  incltioe  more  compre¬ 
hensive  and  detailed  hydrodynamic,  turbine,  stress  and  dynamic 
analysis,  and  the  problems  of  the  fuel  turbine  rotating  seal  and  oxidizer 
turbine  diameter  will  be  resolved. 

(U)  During  the  next  report  period,  design  definitions  of  the  titanium 
structural  wall  will  be  achieved.  Finalization  of  this  component  will 
involve  consideration  of  such  factors  as  structural  tie  baffle  attachment, 
load  paths,  coolant  circuit  mar.:folds  and  transfer  ducting,  hot -gas  tap- 
off,  and  the  interfaces  between  the  chamber  wall  and  the  injector,  base 
closure,  fuel  inlet,  and  thrust  mount.  Design  of  the  coolant  tube  bundle 
attachment  to  th^  structural  "  jil  will  be  supported  by  data  on  various 
epoxy  comr'"-‘ow. 

(U)  Further  definition  of  the  injei,;or  assembly  will  also  be  conducted. 
Priiuary  emphasis  will  be  placed  on  seal  type  and  bolt  location, 

(U)  Preliminary  design  of  the  hot-gas  valves,  main  '^xidizer  valve  and 
main  fuel  valve  will  be  initiated  during  the  next  cuart“r. 
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2.  APPLICATIONS  STUDY 


a.  Stat'as 

(U)  The  aptdicationa  study  task  was  initiated  during  the  last  hall  of  tide 
quarter  (mid -July).  Preliminary  vehicle  layout  drawings  wsm  ousie 
and  structural  studies  began  to  generate  preliminary  parametric  sr»- 
face  areas  and  engine  installation  w  ights  as  defined  1^  the  Air  Force 
application  packages.  The  structural  eiff'rt  during  the  report  pertod 
was  concentrated  on  studying  the  details  of  "state -<^-fiie-art"  thrust 
structures  and  related  systems  that  are  required  to  complete  the 
vehicle  installation.  These  data  combined  with  engine  module  para¬ 
metric  data  will  be  fed  into  a  high-speed  computer  program  to  generate 
the  defined  performance  index  data  required  for  all  the  vehicles.  As 
the  preiinJnary  parametric  data  ic  re^ed.  it  will  be  fed  back  isito  fiie 
program  to  help  converge  on  the  recon^nendeu  common  ei^ne  modoles; 
one  for  the  2S0K  and  one  for  the  3S0K  vehicles. 

b.  Progress  During  Report  Period 
(1)  Performance  Index  Analysis 

(U)  In  comparing  module  concepts  and  optimizirq  engine  parameters, 
the  performance  index  is  used  as  ?.  basis  of  evaluation.  The  equation, 
presented  in  the  application  oackages  which  defines  the  performance 
indcA  is  shown  below: 


The  performance  index  approxiji.^*e8  the  stage  burnout  weig.  t  de¬ 
creased  by  the  weight  of  the  e-,g'ne  modules  and  engine -depei  Tent 
weights,  with  consideration  of  growth  potential  for  the  reusable  sta^-s. 
The  engine  module  performance  is  reflected  in  the  teru.  burnout  weight, 
Wjj,  Other  factors,  such  module  geometry,  weight,  interstage  and 
fairing  structure,  etc.  ,  are  also  accounted  for, 

(U)  With  the  aid  of  the  Rocketdyne-desigm  d  IBM  computer  programs, 
the  performance  index  technique  is  bt  j,ng  utilized  to  optimize  engine 
and  engine -vehicle  int»»gration  component-  '-’'■^racteristics.  tTsing 
preliminar/  es'  mates  of  engine  installation  weights,  interstage  and 


fairing  surface  areas,  etc. ,  exchange  factors  were  first  generated. 
These  exchange  factors  are  being  ennployed  to  facilitate  the  formulation 
and  selection  of  design  concepts  regarding  module  location  and  arrange •> 
ment,  thrust  structure  configuration,  feed  line  routing,  interstage  and 
fairing  areas.  During  this  report  period,  the  performance  index  pro¬ 
grams  have  been  designed  for  use  for  bo^  the  250K  ami  the  350K 
modules. 


(U)  A  consistent  procedure  for  maintaining  records  on  performance 
index  calculation  inputs  and  results  has  been  established.  A  continu¬ 
ous  log  is  being  kept  to  document  all  pertinent  information  that  went 
into  the  computation  for  each  series  of  performance  index  calculations. 
Summary  records,  grains,  and  charts  are  also  maintained  for  quick 
reference  and  rapid  comparison. 

(2)  Installation 

(U)  Examination  of  each  of  the  six  Advanced  250K  Vehicles  was  initi¬ 
ated  and  preliminary  conceptual  installation  layouts  prepared.  Factors, 
such  as  fairing  and  interstage  surface  areas,  maximum  skirt  diameter, 
«nd  installation  weight,  which  influenced  the  performance  index  are 
being  evaluated  with  the  aid  of  exchange  factors.  The  range  of  engine 
diameters  under  investigation  are  from  80  to  120  inches. 

(U)  The  two  candidate  engine  arrangements  evaluated  to  date  for  cases 
1  and  3  are  shown  in  figure  34.  Each  vehicle  was  evaluated  with 
respect  to  overall  engine  diameter  and  engine  arrangement.  Perform¬ 
ance  index  reductions  due  to  increases  in  fairing  area  ai.d  maximum 
fairing  skirt  diameter  were  computed.  Results  for  Cases  1  and  3  are 
shown  in  figures  35  and  36,  respectively.  These  graphs  are  basrid  on 
rrangements  A  (one  inboard 'four  outboard  engines)  and  B  (five  engines 
in  a  circular  pattern).  A  comparison  of  both  engine  arrangements  for 
each  vehicle  indicates  that  mounting  the  engines  in  a  circular  pattern 
results  in  lower  losses;  however,  this  corifigur=>tion  has  the  disadvan¬ 
tage  of  not  being  symmetrical  with  respect  to  thrust  vector  control 
(TVC)  about  the  pitch  and  y^  «  axes.  During  the  Air  Fc  'ce  coordination 
meeting  of  29  Augv't  1 '!'66,  Rocketdyne  was  directed  to  limit  the  clus  ¬ 
tering  arrangement  to  be  studied  for  all  ''  engine  clusters  to  that 
depicted  in  figure  34,  arrangement  1. 

(U)  A  candidate  Arrangement  1  thrust  structure,  similar  to  the  con¬ 
cept  use  1  on  the  Saturn  S-Il  stage,  is  illustrat  d  in  figure  37.  The 
thrust  structure  consists  of  skin-stringer  conical  shell.  This  shell 
transfers  engine  thrust  roads  to  the  perimeter  of  the  main  strucLaral 
ring.  The  four  outboard  eu^me  thrust  loads  are  applied  directly 
through  the  gimbal  block  to  the  '  mgerons.  The  center  module  thrust 
is  reacted  by  two  cr  cs  beams  These  beams  transfer  the  load  to  the 
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Figure  34.  Can  ’date  Engine  Arrangements:  Cage  1,  FTqjenrl^ble  First  Stage; 
Case  .  Expendable  Single  Stage  to  Orbit 
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longerons.  The  0^*0. ,s  beams  also  react  the  horizontal  force  compo- 
nent  of  the  module  thrust  load  at  the  longerons.  The  total  thrust  loads 
are  thus  sheared  into  the  skin-stringer  shell.  Frames  are  provided  on 
the  thrust  structure  for  gene’“al  «hell  sta.bility.  Kick  loads  from  the 
longerons  and  from  the  conical  shell  also  have  to  be  considered  in  the 
design  of  the  fra-meo. 

(U)  Parameters  affecting  the  frames,  longeron  and  cross  beam  design 
are  the  magnitude  and  sense  of  the  module  kick  loads.  The  kick  loads 
are  dependent  n.pon  the  (1)  location  of  the  frames  at  the  extremities  of 
the  longerons,  (2)  the  location  of  the  cross  beam  to  longer  jn  attach¬ 
ment,  and  (3)  the  TVC  actuator  attachment  location.  The  longeron-t  '- 
shell  stiffness  ratio  influences  the  conica^  shell  compression  load  dis¬ 
tribution  (determined  through  a  shear  lag  analysis).  The  shell  i^kin- 
stringer  axial  load  carrying  capability  is  ilso  determined  by  the  frame 
locations. 

(U)  Cases  2  and  6  are  single  engine  installations  and  were  evaluated 
differently  than  the  multiengine  instailation.s.  In  Case  2,  performance 
index  reduction  caused  by  increases  in  interstage  area  as  a  function  of 
engine/\  'hide  thrust  strv  ■ture  1  lount  height  is  shown  in  figure  38. 
Minimum  mount  heights  for  each  engine  diameter  occur  at  that  height 
for  which  the  overall  interstage  I-ngth  is  approximately  8  feet.  Fig¬ 
ure  38  indicates  that  for  a  giveii  mount  hv-ight,  the  larger  performance 
index  reduction  occurs  with  the  120-inch -diameter  engine.  Prelimi  ¬ 
nary  analysis  revealed  that  Case  6  interstage  area  i«  indeoendent  of 
thrust  structure  mount  height  because  of  the  fixed  20  feet  diameter  at 
the  aft  end  of  interstage  .ind  tiu-'  'imitiiig  j  5-degree  surface  angl  In 
case  r,  performance  indix  reduction  caused  by  increases  in  fairing 
;..'ea  is  shov/n  in  figure  39.  The  range  of  module  diameters  does  not 
.  t  Jly  utiiirc  the  envelope  gcmera.tf.d  by  the  interstage  surface.  Thrust 
siu  nctu-im  and  feed  Hne  weight  as  a  function  O'  mount  height  is  being 
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(U)  The  variation  in  performance  index  were  with  respect  to 

fairing  area  and  maximum  ^airing  skirt  diameter.  A  graph  (figure  41 ) 
of  relative  performance  index  decrease  vs  module  diameter  for  the 
three  arrangements  shows  that  the  smallest  losses  with  respect  to 
fairing  area  and  maximum  skirt  diameter  occur  with  Arrangement  C 
for  the  range  of  module  diameters  considered  however,  Arrangements 
A  and  B  have  the  advantage  of  being  symmetrical  with  respect  to  thrust 
vector  control  about  the  yaw  and  pitch  axis.  On  31  August  1966,  AFRPL 
provided  the  study  ground  rule  that  multiengine  installations  must  be 
symmetrical  about  the  pitch  axis  and  the  yaw  ctxis,  thus  eliminating 
Configuration  C  from  farther  consideration. 

(U)  Two  engine  arrangements  are  being  evaluated  for  Case  5.  Fig¬ 
ure  42  shows  the  tank-end  and  between-tank  mounting  configurations. 

The  between-tank  installation  has  a  smaller  fairing  area  compared  to 
the  tank-end  design;  however,  it  has  a  higher  propellant  feed  line 
weight.  A  study  is  underway  to  establish  the  optimum  installation 
configuration. 

(U)  Two  concepta  of  pyramidal  thrust  structure  have  been  studied  for 
this  case.  One  concept,  the  tubular  design,  carries  module  loads  in 
four  main  compression  members  from  the  thrust  forging  to  the  vehi'"le 
(figure  4:^.  The  other  concept,  a  sheet-stringer  design,  carries 
module  loads  to  the  vehicle  by  means  of  longitudinal  stringers  stabilized 
by  a  thin  skir  (figure  44). 

(U)  The  tubulo.r  design  is  governed  prx.nari''y  by  column  b\ickling  con¬ 
siderations.  The  main  thrust  members  have  hollow  circular  -  tube 
cross  sections.  The  hollow  circular  tube  is  the  most  efficient  section 
in  column  buckling  because,  in  a  column  free  to  buckle  about  a*iy  axis, 
it  provides  the  greatest  stiffness  per  -’nii  area.  Tubular  cross  ¬ 
members  are  employed  to  break  ihe  relatively  long  unsupported  length 
of  •'he  main  mc'mbers  into  a  number  shorter  columns,  thus  increas¬ 
ing  the  etitical  buckling  load  of  the  main  members. 

(U)  The  sheet  - Bt  ringer  design  utilizes  several  Z -section  s'^ingers  to 
carry  the  module  loads  to  the  vehicle.  Thin  sheet  is  riveted  to  the 
stringers,  A  ]  jtential  weight  advantage  exists  for  this  type  struc¬ 
ture  over  the  t  buiar  design.  This  advantage  arises  from  the  fact  that 
the  thin  sheet  a.  ts  to  prevent  the  stringer  frorr  buckling  about  their 
axis  of  tninmium  stillness.  Thus,  a  deep  oocti  m  (such  as  the  n- 
sections),  with  a  stiffness/weight  ratio  grea*  r  than  tubular  members, 

1  an  be  used. 
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(U)  Because  of  the  mo^inting  requirements,  several  departures  fron* 
a  standard  sheet-stringer  design  are  necessary.  First,  the  vehicle 
mounting  provisions  are  two  parallel  channels.  Thus  a  conical  struc¬ 
ture,  which  would  provide  the  most  efficient  structure,  cannot  be  used. 
Second,  the  vehicle  mounting  channels  are  not  comected  by  cross- 
members.  For  this  reason,  stringers  cannot  be  use'^  on  two  faces  ui 
the  pyramidal  structure,  ’  acause  there  woula  be  nothing  to  rea.ct  their 
ioaaing.  On  these  iv/o  faces,  necessary  shear  stabilization  will  be  pro¬ 
vided  by  diagonal  braces,  gt  possibly  sheet  attached  to  the  buckling 
support  m rjmb era, 

(U  j  The  safety  factor  and  Icadir.fj  criteria  to  be  used  in  the  design  of 
the  vehicle  instaliaticn  camponenta  were  derivid.  The  safety  id-ctor 
o  ^  ultimat!  material  strength  and  the  maximurr;  aide  loading  from  the 
thrust  vector  oontroi  aystem  were  specified.  To  this  basic  criteria 
we  'e  added  the  reqjired  saiety  factor  on  material  yield  strength  and 
column  buckling  load,  the  i..aximum  acceleration  that  v,ould  be  en¬ 
countered  the  limit  load  factor  to  be  used  in  conjunction  with  these 
acceleration,  thrust,  and  other  loads,  and  the  proof-presnare  factor 
for  pressurized  compone..cs.  The  criteria  derived  are  sho  in 
Tables  12,  13,  and  14  for  the  250,000-pound  mcdule.  A  similar 
approach  is  being  utilized  for  the  350,000-pcund  module  installations. 

(c)  Problem  Areas  and  Solutions 

(U)  There  were  no  significant  problems  or  delays  in  H\e  appUcacton 
study  durinr  .he  first  quarter , 
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TABLE  12 


SIDE  LOADING  FROM  THRUST  VECTOR  CONTROL 


Case 

Maximum  *i.ltitude 
Thru"  Total,  pound 

Mechanical 

Side  Injectio.i 

1 

1,250,000 

150,000 

87,500 

2 

ZSO^OC'i 

30,000 

'?  ,500 

, 

3 

1,2  a  0,000 

150,000 

87,500  1 

4 

2.000,000 

.43,000 

140,000 

500,000 

60 ,000 

35,c:0 

250.000 

30 ,&0u 

. .  _  „ 

]7,500  j 

TMny 


t — 
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TABLE  14 

STRUCTURAL  FACTORS 


' 

! 

i 

! 

Factor 

1 

1  Safety  Factor  on  Material  Ultimate  Strength 

1.5 

Safety  Factor  on  Material  Yield  Strength 
!  ' 

1.1 

1 

1  Safety  Factor  on  Butkiing  Load 

1 

1.5 

Limit  Load  Factor  (thrust,  acceleration, 
etc.) 

1.0 

PrcK?f  Pressure 

1.2 
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B.  TASK  2:  FABRICATION  AND  TEST 


1.  2.5K  SEGMENT  INJECTOR  PERFORMANCE  INVESTIGATION 

(C)  The  2,5.K  segment  injector  investigation  effort  was  designed  to 
uillizc  the  segmentation  potential  of  the  Aerospike  thrust  chamber  ior 
the  aevelopment  of  injector  patterns  for  the  250K  injector.  Candidate 
injector  patterns  for  this  program  were  made  available  through  in- 
house  and  previous  contracted  efforts.  The  primary  criteria  used  to 
determine  acceptability  of  a  pattern  were  selected  aj: 

1.  ^  rability 

2.  i-e  for  mane  e 

3.  Peak  Throat  Heat  Transfer 

4.  Fabricdbility 

5.  Stability 

Previous  effort  and  ADP  analysis  indicated  that  durability  at  1500 
psi  would  be  a  major  problem.  The  performance  problem  would  mani¬ 
fest  itself  primarily  in  the  low  chamber  pressure  regions.  Heat  trans¬ 
fer  in  annular  combustors  has  been  shown  to  be  primarily  a  function  of 
chamber  contour;  however,  injector  effects  on  throat  heat  transfer 
have  been  experienced  and  were  expected  on  the  ADP  effort.  Fabrica- 
bility  of  the  selected  patterns  restricted  the  choice  of  candidate  injec¬ 
tors  to  those  which  could  be  readily  produced  for  the  25C'.^  injector. 

(C)  Stability  of  the  patterns  was  also  considered  to  be  important; 
however,  it  is  recognized  that  the  2.5K  segments,  representing  approxi¬ 
mately  one -half  of  a  250K  compartment  will  probably  not  support  any 
acoustic  modes,  the  nearest  mode  being  the  first  longitudinal  at**'  5500 
cps.  The  possibility  of  low  frequency  buzzing  could  not  be  discounted, 
however. 

a.  Status 

(U)  During  this  report  period,  the  final  three  candidate  injector  pat¬ 
terns  were  extensively  evaluated  to  obtain  data  on  durability,  perform¬ 
ance,  heat  transfer,  tapoff,  and  stability.  A  total  of  103  runs  have 
been  conducted;  101  runs  were  conducted  this  quarter. 

(C)  Based  upon  ths  favorable  performance  results  obtained  in  the  ■  arly 
part  of  tlie  quarter  with  the  triplet  injector,  this  injector  pattern  was 
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selected  as  the  pattern  for  the  first  250,000  Ib/thrust  injector.  Data 
indicates  that  the  C*  efficiency  of  this  pattern  will  exceed  97  percent 
during  full  throttling  and  approaches  100  percent  above  1000  psia. 
Operation  was  stable  over  the  throttling  range  of  20  percent  to  100 
percent,  and  at  mixture  ratios  of  5  to  7. 

(C)  The  triplet,  the  reverse  flow,  and  the  LOX  fan  patterns  have  pro¬ 
vided  excellent  performance.  Some  buzzing  has  occurred  with  the 
LOX  fan  pattern.  The  reverse  flow  patterns  (both  6o  deg  and  80  deg) 
were  eliminated  from  further  consideration  when  accumulated  dura¬ 
bility  data  at  1500  psi  indicated  the  face  of  the  injector  was  overheated 
and  erosion  of  tne  ends  of  the  injector  strips  were  severe. 

(C)  Heat  transfer  results  have  isolated  the  caus<.  of  early  observed 
heat  transfer  anomalies  and  indicate  throat  heat  flux  of  52  -  54 
Btu/in.2-sec  at  1500  psi  P^.,  These  values  agree  closely  with  earlier 
theoretical  predictions. 

(U)  Final  selection  of  the  pattern  for  the  second  250K  injector  will  be 
made  early  in  September, 

b,  Proga;e.ss  during  the  Report  Period 

(1)  Method  of  Evaluation 

(C)  Evaluations  were  conducted  in  the  basic  6-inch  long  by  2-1/8-inch 
wide  segment  hardware  described  in  the  First  Quarterly  Progress 
Report.  When  the  safe  operating  heat  flux  of  the  water-cooled  segment 
(40  Btu/in.’-rac)  was  approached,  auxiliary  hydrogen  film  cooling  was 
provided  in  the  combustion  cliamber  convergent  section  to  facilitate 
duration  runs  at  high  pressures.  The  total  hardware  available  to  the 
ADP  program  for  the  2.5K  segment  evaluation  is  indicated  in  Table  15 
The  candidate  injectors  for  the  250K  injectors  were  the  60 -deg  LQX 
triplet,  the  LOX  fan  triplet,  and  the  reversed  pattern  (figure  45,  46, 

47,  and  48. 

(U;  The  method  of  approach  to  injector  evaluation  was  in  the  order 
indicated  on  Table  15.  Low  chamber  pressure  performance  and  heat 
transfer  tests  were  conducted,  followed  by  high  pressure  runs  (1500 
psia)  in  uncooled  hardware  for  250  ms.  Surviving  candidates  were 
then  run  through  additional  performance  runs  over  the  range  of  opera¬ 
tion,  and  heat  transfer  data  are  acquired.  Bomb  tests  were  made  to 
check  stability  and  more  are  scheduled.  Buzzing  evaluation  was  made 
upon  its  spontaneous  appearance  anywhere  in  the  pressure  rar  e  of 
operation. 


TABLE  15 


TABLE  OF  HARDWARE  -  2.5K  SEGMENT  SOLID-WALL 

EVALUATIONS 


Injectors* 

No.  of  Units 

Type 

1-1 

1 

Stagger  fan  triplet;  90 -deg  LOX  angle 

1-2 

1 

Reversed  flow  flat  face;  30 -deg  LOX  im¬ 
pingement,  60 -deg  hydrogen  impingement 

1-3 

1 

60 -deg  triplet  (No.  2  H2  post);  60 -deg  LOX 
impingement 

1-4 

1 

60-deg  triplet  (No.  5  H2  post);  60-deg  LOX 
impingement 

2-1 

1 

60-deg  triplet  (No.  1  H2  post);  60-deg  LOX 
impingemf  nt 

2-2 

1 

60  deg  triplet  (No,  3  H2  post);  60-deg  LOX 
impingement 

3-1 

1 

LOX  fan  pattern;  90 -deg  relative  lOX 
impingement 

3-2 

1 

Revised  LOX  fan;  60-deg  relative  LOX 
impingement 

4-1 

1 

Reversed  flow  flat  face;  60-deg  LOX  angle, 

80 -deg  hydrogen  angle 

' 

4-2 

1 

60-deg  triplet  (No.  4  church  steeple); 
60-deg  LOX  angle 

5-1 

1 

_ 1 

Showerhead  type;  13  strips;  30-deg  LOX 
self -impingement 

*The  first  number  reflects  injector  body  number  and  the  second  num> 
ber  the  strip  pattern.  Letter  designations  indicate  basic  modifications. 
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TABLE  15 

TABLE  OF  HARDWARE  -  2.5K  SEGcvIENT  SOUD-WALL 
EVALUATIONS  (Continued) 


Water-Cooled 
Chamber  Sections 

No.  of 
Units 

Type 

Injector  mounting 
block 

3 

347  CRES;  mounting  block.  Chamber  to 
injector 

FWD  body 
assCiubly 

2 

OFHC  copper;  first  water -cooled  section 

Spacer 

7 

OFHC  copper;  second  water-cooled 
section 

Film  cooled 
spacer 

2 

Same  as  spacer  with  film  passages 

Throat  assemblies 

6 

OFHC  copper;  forms  throat,  conv»r- 
gence  and  divergence  of  2.5K  chamber 
(water-cooled) 

Film-'ooled 
throat  assemblies 

1 

Same  as  throat  assembly  with  wall  H^ 
film  passages 

15-deg  spacer 

1 

OFHC  copper;  forms  15-deg  convergent 
section  (water-cooled) 

15-deg  conver¬ 
gence  throat 
assembly 

1 

OFHC  copper;  rework  of  throat  assem¬ 
bly  to  produce  15-deg  convergence 

Use  with  above  spacer  and  standard 
chamber  sections  (water-cooled) 

Forward  body  - 
tapoff 

1 

OFHC  copper;  uncooled,  accommodates 
two  tapoff  inserts.  Interchangeable  with 
standard  forward  body. 

Tapoff  insert 

6 

OFHC  copper  -  347  CRES;  form  actual 
tapKjff  hole  configuration 
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TABl-E  15 


TABLE  OF  HARDWARE  -  2.5K  SEGMENT  SOLID-WALL 
EVALUATIONS  {Concluded) 


Unccoled  Chamber 
Hard  vare 

No.  of 
Units 

Types 

C. ’number  shell 

2  sccs 

347  CRES;  chamber  structural  un¬ 
cooled  sections;  forms  complete  body 
shell 

CombustOi  insert 

i 

4 

Graphite;  uncooled  combustion  zone 
insert 

j 

Uncooied  throat 

6 

OFHC  copper;  replaceable  throat 
section -injector  durability  check 

Bombing  insert 

1 

OFKC;  replaces  graphite -mounts 

_ 

bomb  for  instability  testing 

(2)  Theoretical  Basis  and  Background  for  Injeci  'r  Designs 

(U)  The  injector  segrrsent  v'ork  conducted  under  Contract  NAS  8-19 
provided  the  background  for  the  injector  designs  advanced  to  the  ADP 
effort.  The  results  of  that  program  showed  that  the  attainment  of  high 
performance  with  LOX  and  propellants  in  short  toroidal  chambers 
was  solely  dependent  upon  achieving  maximum  atomization  through  use 
of  the  potential  <^nergy  of  both  the  LOX  and  the  H2.  The  best  perform¬ 
ing  injector  of  that  study  was  a  LOX  fan  pattern  (similar  to  one  evalu¬ 
ated  in  the  ADP  effort  and  reported  in  the  First  Qua.rterly  Progress 
Report),  In  this  design,  the  lO'X  impinged  on  itself  as  a  doublet  on 
both  sides  of  a  series  of  hydrogen  orifices.  Primary  atomization  was 
accomplished  ’•hrough  this  process.  The  atomized  LOX  fans  were  then 
further  atomized  through  passing  into  the  path  of  the  hydrogen  gas. 

(U)  Theoretical  analysis  shows  that  the  same  effect  of  a  self -impinging 
doublet  can  be  attained  through  control  of  the  liquid  jet  length  before 
impingement.  For  a  given  jet  momentum,  the  jet  has  a  length  at 
■  aich  surface  instabilities  will  appear  which  L  id  to  atomization. 

This  characteristic  was  designed  into  the  basic  triplet  element. 
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(U)  Theoretical  analyaie  ehowe  that  the  primary  atomisatioB  prodnees 
mean  drop  sizes  on  the  order  oi  150  microne.  Secondary  atondeatlon 
by  the  hy^Iroaen  under*  proper  impingement  produces  mMtn  drop  siites 
on  the  or'ier  of  50  m  crons.  }Iow«ver,  the  attainment  of  tMi  email 
drop  size  requires  careful  control  of  ^e  hydrogen  jet  dynamics.  Cold** 
flow  studies  revealed  that  the  jet  dissipates  rapidly  and  if  the  point  of 
LOX  impingement  is  toe  far  away,  the  H2  escapes  around  the  combus¬ 
tion  field.  If  the  jet  is  toe  close  to  the  point  of  impingement,  the  i'iz 
spreads  the  LCX  fans  {or  jets)  apart  and  never  mixes.  Best  atomiza¬ 
tion  occurs  when  the  H2  jet  to  1X>K  impingement  distance  2-4  jet 
diameters  for  the  ADP  operation.  This  results  in  an  impingemerd 
distance  of  ''•0.150  inch.  This  is  the  dist^ce  designed  into  ths  ADP 
injectors.  The  use  of  this  distance  And  n^iching  the  AP  to  peak  per¬ 
formance  has  rasuilad  in  a  nominal  i-l/2  so  Z  percorn  impfovemrai 
over  ixiB  periormance  r*=6«lta  obtained  in  She  NASS-l*:?  p-ogram. 

(U)  The  NASS- 19  program  was  conducted  at  --650  psi,  and  jgjeetor 
heat  transfer  problem  waa  encounterevl.  It  was  expected  that  injector 
heat  transfer  at  1500  ps  t  ix'ii— ht  be  a  major  prohlonr  because  of  tho  hish 
recirculation  potential  of  the  C}^ilJ0X  designs.  Jet  dynandc  calcula¬ 
tions  show  that  as  B3  percent  of  the  total  pro^Usnt  Sbw^ 

through  the  injector  will  be  reeircalatcd  in  tkKt  ADP  at  ^500  psi  fs^ihs 
prooosed  injector  designs.  Such  high  rec7rc«la*ioc  provides  an  added 
b&als  for  high  performance  hul  it  aloo  presents  a  potential  heat  face 
transfer  problem.  The  basic  approaches  to  the  heat  face  transfer 
problem  were  considered;  (1)  use  of  a  rai*ted  fuoL  post  to  prevent  face 
recirculation  and  also  control  impingement  dintance.  and  C2)  use  of  a 
face  pattern  with  predominant  hydrogen  tace  cooling.  The  basic  triplet 
patterns  use  the  ra.sed  face,  while  tb*^  revers'^•  flow  pattem  provides 
for  maximum  hydrogen  face  cooling. 

(U)  Thermochemical  calculations  on  die  LOX  drops  show  that  below 
''•1100  psi  the  drops  actxjaUy  exist  as  liquid  droplets  throug^ut  their 
consumption.  Above  1100  nsi.  t^e  droos  rrui'Uy  rise  tr-  and  exceed 
their  critical  temperature.  Because  of  the  high  contraction  ratio  of 
the  toroidal  engine  combustion,  induced  turbulence  along  with  GH2  jet 
turbulence  is  high  and  persists.  This  turbulence  above  1100  psi  results 
in  rapid  eddy  diffusive  mixing  of  the  LOX  vapor,  and,  therefore,  once 
fine  atomization  is  achieved,  near  theoretical  ptrf  jrmancrf  c  1  be 
expected. 

(3)  Candidate  Pattern  Evaluation 

(C)  60 -deg  LOX  Impinging  Triplet  Pattern.  The  basic  triplet  1  attern 
consists  of  a  showerhead!  Fuel  sVeam  (from  a  raised  fuel  strip)  im¬ 
pinging  on  a  60“deg  LOX  doublet  (figure 45).  The  purposa  bf  the  raised 
fuel  post  is  to  place  the  fuel  stream  exit  point  close  to  the  point  of  LOX 
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impingemect  to  obtain  good  primary  propallant  atomisatloa.  Tba  post 
also  acts  to  prevent  recirculation  from  causing  hi|^  &ce  heat  transfer. 

The  ii^ctor  strips  are  oriented  perpendicular  lb  the  chaniber  cir¬ 
cumference  with  eight  propellant  elements  per  strip.  Modifici^dons  to 
the  basic  triplet  pattern  consisted  of: 

1.  Addition  of  fuel  Idas  at  fuel  strip^ciMB  lincorporiatsd  into  250K 
injector  pattern) 

2.  Extending  raised  fuel  strips  to  chamber  wall-square  ends 
(incorporated  into  250K  ir^ector  pattern) 

3.  Beveling  LOX  strip  ends  (found  to  be  unnecessary  with  square 
end  fuel  strips) 

4.  Introduction  of  fuel  biis  along  sides  of  injector  (found  to  be 
unnecessary) 

5.  Enlarging  fuel  orifices  to  lower  injection  pressure  drop 
(found  to  be  iicnecessary) 

(C)  XX>X  Fan  Pattern  with  Fuel  Post.  The  1/)X  fan  pattern  with  a 
raised  fuel  strip  is  rise  t  >nsi<iexefrTe  a  candidate  for  the  250K  injector 
pattern.  Satisfactory  pttrfcrmance  and  durability  were  demonstrated 
with  this  pattern;  however,  the  chamber  throat  heat  flux  was  found  to 
be  slightiy  higher  with  the  LOX  fan  pattern  than  with  the  triplet.  The 
hot  g4B  tapoff  temperature  with  the  selected  250K  tapoff  port  was  con¬ 
siderably  lower  tli&n  the  tapefi  temperattire  using  the  triplet  injector 
pattern. 

(C)  An  element  of  the  LOX  fan  pattern  consists  of  two  pairs  of  LOX 
doublets  forming  doublet  fans  impinging  at  6()-deg  above  a  raised  fuel 
strip  (figure  46).  Four  showerhead  fuel  streams  were  directed  at  the 
line  of  impingement  of  the  doublet  fans.  Each  set  of  strips  contained 
2^ix  propellant  elements. 

(C)  Modification  of  the  basic  pattern  consisted  of  ei^ilarging  the  fuel 
orifices  and  providing  fuel  bias  of  the  main  orifices  at  the  fuel  strip 
ends. 

(U)  The  LOX  fan  pattern  with  the  raised  fuel  strip  was  an  improved 
version  of  the  LOX  fan  concept  tested  during  the  first  quarter  which 
featured  90 -deg  lOX  impinging  fans  and  no  raised  fuel  strip.  Severe 
burning  of  the  lOX  strips  was  sustained  in  these  tests. 
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(C)  Reveftied  Patteya.  The  reversed  ^ttern  (figure  47)  was  so  named 
to  indUcate  tlkat  t^e  pomt  of  introduction  of  propellants  was  reversed 
from  that  of  the  other  patterns  tested  (fuel  on  the  outside  and  LOX  in 
the  center  of  an  element  of  the  reversed  pattern).  The  revereed  pattern 
element  consisted  of  a  LOX  fan  (formed  by  a  LOX  doublet)  impii^ting  on 
an  80 -deg  impinging  fuel  doublet.  The  pattern  was  placed  on  a  flat 
face  injector. 

(C)  Modification  of  the  basic  pattern  consisted  of  enlarging  the  fuel 
orifices  to  lower  the  injection  pressure  drop. 


(U)  Erosion  of  the  strip  ends  was  sustained  during  high  chamber  pres¬ 
sure  tests,  and  the  face  appeared  to  be  overheating  to  the  point  of 
being  marginal. 

c.  Problem  Areas  and  Solutions 

(C)  Three  problems  were  enco\mtered  during  the  injector  evaluations; 

(1)  slight  edge  erosion  of  the  primary  candidate  pattern  occurred  on 
early  tests.  This  was  eliminated  by  extending  the  posts  to  the  edge; 

(2)  heat  transfer  anomalies  were  observed  run  to  run.  clouding  the 
influence  of  injectors  and  of  operating  parameters;  these  heat  transfer 
anomalies  were  determined  to  be  caused  by  sporadic  gross  surface 
roughness  caused  by  deposits  of  a  melted  CTF  ignition  tube  tip;  retrac¬ 
tion  of  this  tube  eliminated  this  problem;  (3)  tapoff  gas  temperatures 
with  the  selected  post  configuration  were  excessively  Mgh.  Solution  by 
injector -bias  is  baing  studied  for  future  evaluation. 

d.  Testing 

(1)  Test  Resxilts 

(U)  Thrust  Chamber  Performance.  Thrust  chamber  testing  was  con- 
ducted  to  evaluate:  (1)  performance.  (2)  injector  durability.  (3)  heat 
transfer,  and  (4)  hot  gas  tapoff.  Thrust  chamber  performance  was 
determined  only  for  those  tests  that  achieved  steady -state  operation. 


(U)  The  performance  parameter  that  measures  combustion  efficiency 
is  the  characteristic  velocity.  This  performance  parameter  is  calcu¬ 
lated  from  chamber  pressure  and  from  thrust,  thereby  obtaining  a 
check  on  the  internal  consistency  of  the  data.  Characteristic  velocity 
is  calculated  from  chamber  pressure  as  follows: 


C* 


P  A*  g 


4r' 


’ll 
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(1) 


where 


s  ii^ector  end  chamoer  preseure 

=  geometric  area  of  nozaie  throat 

g  *  32.174  Ibm  -  ft/lhf-eec^ 

4r  =  total  propellant  flowrate 

T|  I  s  influence  coefficient 

(C)  The  influence  coefficient  r)  j  accounts  for  stagnation  pressure  loss, 
nozzle  discharge  coefficient,  heat  loss  to  the  coolant  water,  and  ther¬ 
mal  shrinkage  of  the  nozzle  throat.  In  the  range  of  ADP  thrust  cham¬ 
ber  operating  conditions,  r\  ^  has  an  average  v^ue  of  0.9831. 

(U)  Calculation  of  characteristic  velocity  from  thrust  is  accomplished 
as  follows: 

\  \  gF 

-12  (21 


where 


F  =  thrust 

Cp  =  thrust  coefficient 
n  2  =  influence  coefficient 

(C)  In  Eq.  2,  the  infl  ence  coefficient  r\2  accounts  for  thrust  degrada¬ 
tion  due  to  heat  loss  to  the  water  coolant,  frictional  drag,  and  nozsle 
divergence.  Th^  average  value  for  r|2  O'vvr  &e  ADP  coia&tiona  was 
taken  as  1.0344.  A  complete  discussion  of  die  influence  coefficients 
and  the  calculation  technique  for  evaluating  these  factors  is  presented 
in  Appendix  A. 

(C)  Thrust  chamber  performance  data  from  those  tests  judged  to  be 
suitable  for  obtaining  reliable  performance  data  are  summarized  in 
Table  16,  Excellent  agreement  between  characteristic  velocity  from 
thrust  and  characteristic  velocity  from  chaniber  pressure  is  imttcated. 
From  Table  16,  it  may  be  seen  that  the  triplet  injector,  U/N  2-lB  and 
U/N  1-3B  (die  selected  No.  1,  250K  c<mfiguration),  deUvers  an  aver¬ 
age  characteristic  velocity  efficiency  of  98«3  percei^  over  the  chamber 
pressure  range  of  325  to  973  psia. 
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2.5K  SECMENT  INJECTOB  TEST  SUMMARY 
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(U)  Performance  results  without  regard  to  mixture  ratio  are  plotted 
as  a  function  of  Pc  for  both  the  triplet  and  the  drilled  out  ^  OX  fan 
injector  in  figure  49,  It  is  observed  that  both  injectors  are  comparable 
in  performance,  with  the  triplet,  perhaps,  holding  a  slight  statistical 
edge. 

(U)  Injector  Performance  Results  at  Pressures  Above  1000  psi.  A 
number  cl  data  runs  were  conducted  on  wincK  film  cooling  was  evn- 
ployed.  These  runs  are  in  the  process  of  being  reduced  to  obt' i  *  th  .: 
injector  performance  results.  The  influence  of  film  cooling  the  thrust 
chamber  must  be  factored  out  to  properly  evaluate  the  injector  per¬ 
formance.  Several  techniques  are  being  considered: 

1.  Include  film  cooling  in  overall  performance  calculation  (base 
theoretical  values  on  overall  flows),  vary  the  amount  of  film 
coolant,  and  extrapolate  to  zero  film  cooling. 

2.  Ignore  film  cooling  in  performance  calculation  (ie. ,  base 
theoretical  values  strictly  on  injector  flows),  vary  the  amount 
of  film  coolant,  and  extrapolate  to  zero  film  cooling. 

3.  Treat  injector  contribution  and  film  cooling  contribution  as 
additive  effects  to  total  combustion  performance  and  obtain 
injector  performance. 

4.  Perform  energy  balance  on  fiim  coolant  and  back  calculate 
injector  perf  /mance. 

(C)  Preliminary  results  show  that  the  range  of  injector  calculated 
performance  by  these  four  techniques  above  1000  psi  ranges  from  98 
to  102  percent  for  both  the  triplet  and  LOX  fan  injectors;  however, 
further  examination  of  the  four  techniques  is  required  to  determine  the 
most  valid  method. 

(C)  Hot-Gas  Tapoff.  The  feasibility  of  hot-gas  tapoff  was  investigated 
in  the  2.5K  chaniber  segment.  The  objectives  of  the  tapoff  tests  were 
to  determine  the  dependence  of  chamber  pressure,  mixture  ratio,  and 
tapoff  geometry  on  the  tapoff  temperature  with  several  tapoff  variations. 
The  configurations  evaluated  to  date  are  indicated  in  figure  50. 

The  first  design  was  a  single -hole  configuration  and  the  second,  a  two- 
hole  unit,  both  units  designed  for  a  tapoff  exit  velocity  of  a  Mach  num¬ 
ber  equal  to  0.2  for  a  nominally  1500-deg  F  fuel-rich  gas.  The  tapoff 
temperature  as  a  function  of  chamber  pressure  is  shown  in  figure  51 
for  both  of  these  configurations.  The  first  test  results  indicate  an 
increase  in  temperature  with  increasing  chamber  pressure  and  in¬ 
creasing  mixture  ratio  (5  to  7).  The  third  configuration  under  current 
evaluation  is  shown  in  figure  52.  This  configuration  straddles  the 
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ONE-HOLE  HOT-GAS  TAPOFF  CONFIGURATION 


TWO-HOLE  HOT-GAS  TAPOFF  CONMGU RATION 

figure  50,  2.%  Hot-Gas  Tapoff  Configuration 
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iai)«ctor  p*tt«3m  as  shown  and  is  daaicaad  to  fsrovlda  for  a  mora  positive 
of  foai-sieh  |pis  than  wors  ths  first  torn  eealiferafioas.  Sfoiaid 
this  cmifigwratiGwi  indleata  str«^  and  M&  dagmfonwa,  aSso,  local 
mixtnrs  ratio  control  in  the  ricii^ty  dF  tha  tap<m  holas  adU  ba  hoik 
into  the  injector  strip  by  providii^  GH2  Jats  aiasd  and  diraetad  into  fha 
tapoff  sons.  Five  initial  gas  tapofi  tests  ware  jndgad  to  ba  scdtaMe  for 
determinaldon  <d  meaalng&il  forust  chamber  parformaaca.  These  ware 
tests  number  089,  091,  092,  093,  and  095,  sill  of  wMch  ntiliaed  injector 
U/N  1-33.  Gas  tapoff  configurafion  aiKi  instrumetd^  locatians  for  ^aoe 
tests  are  shown  in  figure  53  and  54. 

(U)  The  gas  tapoff  thrust  chamber  data  reduction  was  accomplished  in 
three  steps.  First,  the  oxidizer  and  fuel  flowrate  through  the  injector 
was  determined.  Second,  the  gas  tapofi  flowrate  was  criculated,  and 
xinally  the  net  tnrust  chamber  fiowrate  was  calctilated  by  taking  the 
difference  between  the  injector  flowrate  and  the  gas  tapofi  flowrate 
gas.  Tapofi  was  evaluated  as  descsribed  m  A{^adix  C. 

(U)  Gas  tapoff  flowrates  were  deducted  from  tbriist  chamber  injector 
flowrates  and  adjusted  thrust  chamber  performance  was  then  deter¬ 
mined.  These  data  are  presented  in  Table  17,  and  it  may  be  seen  ^lukt 
the  results  for  teste  089,  091,  and  092  are  in  excellent  agreement  with 
prior  data  for  this  injector.  The  adjusted  results  for  tests  093  and  07  i 
are  subject  to  some  question  due  to  an  indeterminate  QN2  purge. 
Additional  tapoff  data  are  in  process  of  data  reduction,  and  additional 
tests  at  higher  chamber  pressure  are  planned. 

(C)  Stability.  Related  experience  with  propellant  injecticn  pressures 
less  than  IC  percent  of  chamber  pressure  have  indicated  that  careful 
attention  must  be  given  to  the  injection,  combustion,  and  feed  system 
characteristics  to  avert  the  occurrence  of  low-frequency  instability. 

In  throttling  to  20  percent  of  rated  thrust,  the  selected  triplet  injector 
pattern  w/.U  e3q>erience  an  oxidizer  side  AP  of  15  pei  (5  percent)  at  a 
chamber  pressure  of  300  psi  (figure  55)  Furthermore,  a  matherrati- 
cal  analog  of  the  test  stand  and  250K  thrust  chamber  (discussed  in  the 
250K  nozzle  test  preparation  section)  indicated  possibility  of  low- 
frequency  modes  of  oscillation  with  certain  assumed  feed  system  and 
injection  characteristics.  Accordingly,  stability  as  well  as  perform¬ 
ance  was  evaluated  with  the  2.5K  segments  over  the  throttling  and 
raixt\ire  ratio  range. 

(C)  tr->;;;‘'.et  injection  pattern  (U/N  1-3B),  which  will  be  utilized  for 

foe  No.  1  250K  injector  assembly,  was  throttled  from  rated  chamber 
pressure  of  1500  psia  to  300  psia  witho<tit  evidence  of  combustion 
instaMlity.  This  evmliaition  consisted  of  13  tests  in  foe  300-  to  600- 
psia  chamber  pressure  range  where  the  nominal  oxldiser  injection 
pressure  drop  falls  below  10  percent  of  chamber  pressure. 
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Figure  53.  Gas  Tapoff  Configuration  for  Tests  088  Through  092 


Fifore  54.  Gas  Tapoff  ConfiguratiOR  for  Tests  093  Through  099 
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TABLE  17 

ADJIJSTEO  C*  EFFlCIENaES  FOR  GAS  TAPOFF  TESTS 


Test 

No. 

Injector 

Chamber 

Pressure, 

psia 

Tapoff 

lb/ sec 

T/C 

MR 

nc* 

089 

U/N  1-3B 

609 

OJ056 

5.61 

0.972 

091 

U/N  1-3B 

387 

0JD37 

5.56 

0.966 

092 

U/N  1-3B 

506 

0i)43 

5.91 

0.962 

093 

U/N  1-3B 

685 

OMS 

6.02 

0.992 

U/N  1-3B 

688 

0j058 

6.38 

0.982 

(C)  Anotitier  I?  tests  with  the  triple?  injection  f^ttem  heve  denum- 

strated  good  s  oility  characteristic '?)  in  the  600>  to  800-psia  chamber  • 

pressure  range.  The  nominal  fuel :  ejection  pressure  drop  remains 
greater  than  20  percent  of  the  chan  ..er  pressure  value  throughout  the 
throttle  range. 

•  < 

(C)  Instances  of  low-frequenc?,'  buzzing  were  encountered  with  both  the 
reverse  flow  (U/N  4xlA/B)  and  the  LiOX  fan  triplet  (U/N  S-ZA)  injec¬ 
tors.  With  the  reverse  flow  injector,  the  buzzing  occurred  at  frequen¬ 
cies  near  200  cps  with  occasional  300  cps.  The  amplitudes  were  high 
at  300  psia  (  100  psi  peak -t''-< teak)  and  diminished  to  being  nearly 
impercei^ible  at  1500  osia).  The  LCX  fan  showed  occasioi^  low-level 
buzzing  in  the  600-  to  900 -psi  range  at  a  much  lower  amplitude. 

(U)  Efforts  were  made  to  isolate  the  facility  propellant  systems  from 
the  chamber  through  placement  of  the  hydrogen  sonic  flow  venturi  at 
the  injector  and  adding  as  much  as  1000  psi  AP  on  the  LOX  side  direc¬ 
tly  behind  the  injector.  Neither  of  these  changes  particularly  affected 
the  observed  buzz  frequencies  or  amplitudes,  and  it  was  concluded  that 
tile  frequencies  must  be  primarily  injector  driven  and  sustained. 

(U)  No  "bomb"  stability  tests  were  conducted  during  this  quarterly 
report  period. 

(C>  Overall  Durability  Results,  The  most  durable  injector  of  the 
three  injectors  is  the  L0!}iL  fan  injector  which  appears  to  run  extremely 
cool.  The  reverse  flow  injector  not  only  experienced  edge  burning 
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post  has  booh  incorporated  into  tho  dosign  of  ii»  htehor  1  250K  ii^oe> 
tor  unit.  This  rosolts  in  an  pddod  fdattiinMi^^  W  simglieity  hy  romcwing 
one  machining  ogoratioB. 


piiratihh  1 

shown  in'ftgoro.  SS  and  56  fer  .hddi  l&X  ahd  01%  at  tomgdra-  '' 

taro.  Tho  data  eoriwlatio  ^te  wgft  agid^t  ^o  garaianitor 
eating  that  tho  %dtaidic  ciiaractorlsticS''  aro  'w«li»4io|tavodL-diN^ 
ogoratitng  rango^  Tho  oxpectod  2^K  dporaftng  dowl^oao  ard  {ndleatad 
bdlow; 

25QK  Injoctor  Pressuro  Drop  Summary 

liOX  Side  P 

c 

AP 

1500 

375 

300 

15 

H,  Side*  P 

2  c 

AP 

IbOO 

375 

-00 

300 

75 

*Doslgn  data  based  upon  hydrogen  temperature  available 
at  injector. 
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(U)  H<»t  Tr>n>fOT  Ryutti,  To  obtain  boat  traiialar  data  in  the  2.5K 
■oUd-wail  aeilment  e^^ort,  a  water-cooled  chaniber  is  utlUsed  as 
described  in  the  First  Quarterly  Progress  Report.  This  chamber  is 
provided  with  coolant  passages  as  sliown  in  Rgure  57  with  letter  desig¬ 
nations  indicating  passage  location.  Tie  water  flows  into  the  passages 
are  measured,  and  the  bulk  temperature  rises  indicated  by  three  ele¬ 
ment  chromel-alumel  thermopiles.  Primary  emphasis  is  placed  on  the 
nozzle  contour  passages.  The  method  of  data  reduction  is  outlined  in 
Appendix  B. 

(U)  The  reduced  throat  heat  flux  values  are  indicated  in  Table  16. 
These  .alues  are  subject  to  additional  interpretation  to  obtain  expected 
peak  throat  heat  flux  values  for  the  ADP  operation.  Early  in  the  per¬ 
formance  program  it  was  observed  that  certain  throat  heat  transfer 
abnormalities  were  occurring.  Repeated  firings  under  identical  oper¬ 
ating  conditions  of  mixture  ratio  and  chamber  pressure  indicated 
nonrepeatable  heat  fluxes.  The  general  characteristics  observed  were 
that  the  heat  flux  increased  from  one  run  to  the  next  run.  A  number  of 
hypotheses  were  (lostulated  for  exploration  of  this  phenomena.  These 
included  corrosive  attack  of  the  copper  chamber  by  the  CTF  ignition 
technique,  thermal  mechanical  roughening  of  the  contour  surface, 
gross  injector  effects,  and  a  segment  contour  mismatching  disrupting 
^e  boundary  layer. 

(U)  For  ease  of  interpreting  the  results,  the  heat  transfer  data  was 
reduced  to  a  dimensionless  Stanton  and  Prandtl  number  p»rameter, 

N  N 

and  this  param^i.er  w’as  plotted  as  a  function  of  run  number  for  a  series 
of  runs  during  which  various  specific  surface  effects  were  investigated. 
Particularly,  it  was  observed  that  the  throat  surfaces  appeared  to  be 
rougfhened  after  a  series  of  firings.  Following  the  hypothesis  of  sur¬ 
face  roughening  through  CTF  ignition  product  attack, the  throat  was 
electroplated  with  nickel  on  one  side  and  mechanically  smoothed  on  the 
other  side,  a  number  of  times.  The  results  are  indicated  in  figure  58. 
It  is  observed  that  the  Stanton  number  parameter  increased  more 
rapidly  on  the  uncoated  side  than  on  the  coated  side.  The  limiting 
values  coincide.  Also  of  interest  is  the  fact  tliat  the  act  of  simply 
smoothing  the  throat  resulted  in  a  decrease  in  heat  flux.  The  nickel 
surfacing  did  not  appear  to  solve  the  problem. 

(U)  Further  analysis  of  the  data  indicated  that  tlie  increase  in  heat 
flux  from  run  to  run  appeared  to  take  place  in  discrete  jumps  rather 
than  in  a  smooth  manner.  This  led  to  a  hypothesis  of  the  effect  being 
caused  primarily  during  .gnition.  Two  long-duration  tests  were 
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Figure  57.  2.?K  Filn-Cool'  d,  Solid-Wall  Segment 

Coolant  Passage  Location 


mmm 


conducted  to  deternrdne  ii  thi«  was  90,  and  the  results  are  given  in 
figure  59.  It  is  observed  that  a  large  increase  in  heat  flux  was  incur* 
red,  and  it  apparently  was  associated  with  ignition. 

(C)  t  thif>  time  a  chemical  analysis  was  conducted  of  the  roughened 
thro  .  surface,  and  it  was  found  that  the  deposits  were  primarily  nickel. 
Further  clo<«e  examination  of  the  nozzle  contour  and  throat  surfaces 
showed  that  the  rougheidng  effects  could  not  be  described  by  distributed 
roughness,  but  instead  would  best  be  described  by  discrete  surface 
protuberances.  The  CTF  tube  used  as  an  igniter  tube  in  the  injector 
face  was  fovmd  to  be  piire  nickel  and  the  end  eroded  1/ 16-inch  to  1/8- 
inch  behind  the  injector  face.  This  small  amount  of  eros.,  ■'n  was  fouiid 
to  be  sufficient  to  account  for  most  of  the  deposit  coverage  of  the  throat. 
To  eliminate  further  difficulty,,  the  CTF  ignition  tube  was  retracted  to 
a  position  0.125  to  0.200-inch  behind  the  injector  face. 

(C)  With  these  results  in  rrind,  a  series  of  tests  with  a  chrome  plated 
(0.0005  inch)  throat  was  conducted  to  determine  if  reproducibility  of 
heat  transfer  data  could  be  obtained.  The  results  are  tabulated  below 
for  both  the  triplet  injector  and  the  LDX  fan  inj*jctor  both  as  raw  data 
and  as  normalized  data  to  one  common  operating  point. 


LDX  Fan  Injector 

Triplet  Injector 

Run  No. 

11? 

121 

123 

124 

(psia) 

639 

649 

635 

596 

MR 

5.14 

5.51 

5.63 

5.35 

31.6 

20. 8 

28,3 

27.0 

Normalized  Q/A 

29.7 

30.2 

27.8 

26.3 

(at  6.0  a^.d 
650  P^) 

(U)  Run  number  118  was  a  run  at  nominally  600  psi,  but  instrumenta¬ 
tion  read  out  in  the  throat  was  lost.  Runs  119  and  120  were  conducted 
at  300  psi  'vith  repeatable  heat  flux.  Run  122  was  a  aominaiiy  lOOO-psi 
ran.  This  series  of  runs  were  censidered  to  be  as  severe  a  test  oi  the 
ignition  hypothesis  as  could  be  ue’vised  in  the  hardware.  Th®  nominally 
600 “psi  runs  with  the  normalized  values  to  a  MR  of  6.0  and  &  P^.  of  650 
psi  indicate  that  the  previously  observed  run-to-rmi  increases  in  heat 
flux  had  been  eliminated. 
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LOCAL  HEAT  FLUX  ••  Pr^/!N.  -  SEC 


TKT  DURATION  WiTH  CHAMBER,  8«cfe’»d* 

Figure  59.  Veristiea  jis  Local  Seat  Fiuxtss  Bari’jg 
A,W  2,5K  W&ter  Cftoled  Seg»eat  FL"  iisgo 
(Teats  N<i,  79  »Uid  BO) 


(U)  It  is  liOtsd  here  that  these  heat  Hvoces  ere  highar  the  remtlts 
for  a  smooiLh  coistoiir.  It  was  found  that  this  |^srtie<^ar  Ihroat  cos^ned 
flats  in  the  throat  region.  TIm  results,  however,  serve  to  j^Ovethst 
burning  of  the  CTF  tube  tip  was  responsible  for  the  iaerWHi^ 
duxes.  Of  interest  also  is  ths  £act  diat  the  chromium  virtu* 

ally  lost  on  the  first  two  runs  of  die  series  as^  csxuoot  be  edishlsrad  as 
a  i^t  of  the  improved  heat  dux  behavior. 

(C)  To  obtain  a  true  comparison  and  prediction  of  die  heat  duxes  for 
the  candidate  injectors  only  data  for  known  ?mboth  cointours  should  be 
used.  These  include  data  for  plated  throats  and  those  ^aseo  vdieze  the 
throat  was  purposely  smoothed.  The  chromium -plated  dircufe  wa-d 
smoothed  after  the  above-diccusse'?  series  of  rur-*  to  eliminate  the 
flats  and  utilized  to  obtain  additionai  heat  transfer  data.  TSi!^  results 
obtained  to  date  are  shown  in  figure  60  for  the  cojEspsr  segiT*3»t  as  a 
function  of  total  dowrato.  The  data  correlate  <|ujte  well  and  sSkjw  an 
average  prediction  5’^  Btu/itt.2-s©c  at  the  ADP  o^^ating  cenditiona. 
Reduction  of  the  data  to  effective  Stanton  numbers  shews  ADP 

heat  flux  in  ths  stainless  steel  char3^b«r  will  b«  Sli  to  56 
with  an  ave.  age  value  cf  54  Bta/in.*‘-sec. 

(U)  Injector  Tap  ^vestigation.  The  2.5K  solid-wall  segment;  hard¬ 
ware  18  provided  mSi  ^urse  ftreasure  taps^  two  in  fee  cfuimber  sides 
wail  approximately  0.5-inch  downstream  of  the  iaiuefor  face,  and  pne 
unit  located  in  tire  injection  face.  It  has  1?«eE  ow?e*ve3!l  injiictor 

tap  re?t*iout  is  aivnaye  about  0.6  to  1.0  percent  less  t&an  An  side  wall 
units.  This  is  importstst  te»  instruTnenting  the  250K  i®)«ci©r  is  the  tube 
wall  chamber  since  in  this  unit  instrumeiitation  for  P-  data  acRi&aition 
can  5>niy  fe®  ^&ced  through  the  injector.  The  injectiim  velocitins  of  the 
hydrossn  {1200  to  2000  fps)  result  in  as^nration  o£  i^e  Pg  tap  if  no  pro¬ 
vision  is  ntade  to  allow  for  diffusive  e^cts  around  the  tap,  A  short 
investigation  conducted  in  the  2.5K  effort  showed  the  conB.g«r£tlcn 
showa  in  figure  o  1  to  be  adequate  to  reduce  the  asiaratioii.  effect  to  a 
negligible  ^ralufe, 

(C)  Summary  Rating  of  (-andidate  injectors.  Based  results  ob¬ 
tain  e^to°3ate,  e:j«Iu«Ive“'o?Ta^^re9  olts^ &e  three  candidate  injectors 
may  be  rated  as  mdicsted  in  Table  18.  Also  incited  lo  a  raioag  based 
upon  fabricationability  which  includas  cost.  The  summary  rating 
indicates  the  triplet  as  an  overall  s«pe:ri.or  injector  for  the  ^-  can- 
didate  injector.  Final  reduction  of  data  along  vsdth  tapoH  dats  will,  be 
used  to  nrtake  the  final  selection. 


136 

OKfiKMm 


TilTLE  It 


NO.  2  2S0K  IMJECTQft  CAMD1D4TS  SEliBenaBr  ftAXIMC 


Perfc;.m«ae« 

ileat 
Traa^ar 
Face  aad 
Throat 

Don^ility 

Fabrkufehilll^ 

■  1 

Triplet 

1 

1 

2 

1 

11 

Reverse 

Flow 

2 

2 

3 

2 

Lox 

Fan 

1 

3 

1 

3 

2 

e.  Summary  of  Plr..tned  Effort  for  Next  Q  larter 

(C)  The  i»rimary  experimental  activity  wiV<.  be  completed  early  in  the 
quarter.  Other  experimental  activitv  witl  the  2.5K  solid-wall  segment 
will  include  tapoff  runs  to  ISf/O  psia,  seve.ial  selected  bombing  stability 
runs  on  the  selected  No.  2  injector  pattern,  and.  If  necessary,  sup¬ 
porting  effort  for  the  250K  injector  in  ^e  fourth  quarter.  Complet'e 
reductiou  of  data  will  be  accomplished  earl  y  in  the  next  quarter  to 
finalise  the  results.  The  No.  2  injector  pat  tern  selection  will  be  miidw'’ 
early  in  the  report  period  based  upon  the  flna.1  data  analysis. 

2.  THRUST  CHAMBER  COOLdNG  INVESTIGATIONS 

(C)  The  thrust  chamber  cooling  investigation  consists  of  an  evaluation 
of  the  regeneratively  cooling  limits  for  the  Aerospike  chamber,  a  de¬ 
termination  jf  the  operating  point  for  a  cyclic  fatigue  life  of  100  -^^^uses 
amd  10  hours  between  overhauls,  a  selection  of  a  tube  material  <.o  cool 
and  meet  the  life  requirements  properly,  and  a  prediction  of  the  cyclic 
fatigue  life  of  the  selected  material.  These  objectives  are  being  met 
by  a  combination  of  heat  transfer  analysis,  stress  and  materials 
analysis,  materials  laboratory  evaluations,  a  tube  tester  simulating 
hot-fire  conditions  and  actual  hot  fire  of  2,5K  tube -wall  segments. 

Three  materials  were  initially  to  be  e  mluated--8taimssB  steel,  co^^per, 
''nd  nickel.  The  limits  of  regeneratively  cooling  will  L-e  evaluated  on 
the  23K  hot-fire  segments..  The  fatigue  life  of  the  various  materials 
and,  therefore,  of  the  selected  material,  are  to  be  e  tluated  through 
the  combination  of  the  analytical  effort  and  experimental  results. 

This  combination  is  further  checked  by  comparison  lo  life  results  on 
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c  -"reot  thrust  chambers  CT-2).  The  2.SK  eegm^Mit  has  pareviouel^ 
pr  >ved  itself  as  an  effective  test  unit  for  con&ustion  and  ceoUng 
invt^stigations. 

a.  Stains 

(U)  All  design  effort  on  foese  segments  has  been  completed  and  re> 
leMed  for  fabrication. 

(U)  The  hardware  fabrication  status  is  as  follows: 

fficLcl  Tubes  — *  Complete  and  ready  for  braze  assembly 

Copper  Tubes  Complete  and  ready  for  braze  assembly 

Injector  Support  Block  >-  first  unit  being  nickel  plated;  second  unit 

in  Boat  ^mchining 

Throat  Support  Beams  Complete  and  ready  for  braze  assembly 

End  Plate  Assembly  (See  figure  62)  first  set  complete  and. 

ready  for  braze  assembly; 
sedond  set  being  furnace 
brazed 

Exit  Manifolds  ~  Machining  complete,  being  nic  kel  plated 

Assembly  of  the  mckel  chamber  (figure  63)  began  during  the  last 
week  of  the  quarter. 

(U)  This  effort  which  was  dire:;ted  toward  the  avaluaU.  ii  and  selection 
oi  long-life  rabe  materials  has  been  completed.  This  effort  included 
an  initial  material  selection  based  on  an^ysis,  material  tests  intended 
to  develop  fatigue  mechanical  property  data,  and  a  review  of  the 
Litigrature  and  conduct  of  basic  studies. 

(U]  As  a  result  oi  this  effort,  the  tube  mater  is  1  and  a  manufacturing 
pri3ce#s  cycle  for  the  demonstrator  segmesit  thrust  chamber  has  been 
geleettid.  In  addition,  two  very  pxomieiag  long-range  tube  materials 

have  been  chosen. 
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b.  Progress  During  the  Report  Period 
(1>  Design 

As  reported  in  the  First  Quarterly  Technical  Report,  three  Z„5E. 
chamber  segments  were  designed  to  acconunodate  347  CREo  nickel  .700 
and  OFHC  copper  tubes.  Based  on  further  nrutterial  evaluau..  "Ji 
reported  in  a  later  section  of  this  report,  stainless  steel  was  eliminated, 
an^  only  the  nickel  and  copper  segments  will  be  fabricated.  The 
geometry  of  the  combustor  will  be  the  same  as  that  for  the  demonstrator 
module. 

(2)  Fabrication 

(U)  The  final  design,  shown  in  figure  64,  consists  of  a  brazed  assem¬ 
bly  of  tubes,  forming  the  contoured  walls;  copper  end  plates,  'vith 
drilled  coolant  passages:  a  347  GRES  injector  end  block;  and  347  GRES 
exit  end  manifolds.  The  brazed  assembly  is  reinforced  by  a  4130  steel 
backup  structure  bolted  in  place.  Transfer  of  loads  from  the  tube  stack 
to  the  backup  structure  is  through  a  bearing  block  boltud  to  the  backup 
structure  and  making  intimate  contact  with  the  tubes  through  an  epoxy 
and  glass  fiber  filler. 

(U)  Drawings  of  all  detail  components,  as  well  as  braze  and  chamber 
assemblies,  were  completed  and  released  for  fabrication,  The  fi'  st 
nickel  assembly  ’tnit  began  during  che  last  week  of  August.  The  -val¬ 
ance  of  the  components  backup  structure,  manifolda,  and  inlet  and  'ut- 
let  tubes  are  in  work  and  will  be  completed  in  time  to  su^^port  an 
estimated  completion  of  the  nickel  segment  early  in  October.  The 
copper  segment  will  follow  by  2  weeks, 

(3)  Cooling  Limits 

(C)  A  study  of  the  heat  flux  capability  of  materials,  OFHC  copper 
(0.020  inch)  and  mckel  200  (0.  013  inch),  showed  that  the  heat  flux 
capability  of  these  materials  wa&  in  this  order  indicated,  -opper  being 
the  best.  The  results  are  shown  iu  figure  65  and  66,  For  the  ourposes 
of  thifi  study,  a  co  lant  bulk  temperature  of  450R  was  used  (*,iis 
approximates  the  anticipated  value  in  the  outer  body  throat  01  •ue  250K 
thrust  chamber),  and  a  tube  roughness  of  50  micr cinches  was  assumed. 
Coolant  mass  velocity  II  ib/Lu^-sec  is  based  on  a  .-oolant  Mach 
number  of  aboia.  0.  5  for  450R  and  2200  psia  (total  pressure)  hydr<  gen. 

(C)  The  refiidts  for  nickel  ZOO  indicate  it  can  conduct  "  im  a  I6OOF  wall 
cemperature,  a  heat  flux  of  44,  and  60  Btu/in.2-8sc  tor  curvature 
enhancements  of  1.0  and  1.  75,  respectively.  T.  ''i,  nickel  200  co¬ 
operate  at  conditions  of  the  engine  currently  being  designed  whi.ch  has 
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a  curvatiare  iacwjr  of  at  1. 75.  It  i«  nctfS  ^t  n&clntl  i7Q,  4u«  to 
its  somewbst  higlser  eor.disctivity,  would  c^rato  lowor  wkU 
tempttraturo. 

(C)  Coimer  «:onductiou  cas^biliW  usi:^  th«  aimealiim  temp«ratura  of 
about  is  40  and  67  3tu/iz!u^>aoc  zor  tbo  ?ang«  in  curvature 
examined.  Thus,  ccppmr  can  also  handle  the  aaticipahSd  throat  heat 
tluxes. 


(C)  The  temperatures  indicated  are  typical  of  what  would  be  esqpected 
in  the  outer  body  throat  region.  The  inner  body  will  operate  at  lower 
wall  temperatures  because  of  the  more  desirable  hydrogen  coolant 
temperature  existing  in  the  inner  body  throat  region  (200  to  250R). 


(4)  Thrust  Chamber  Materials  Investigation 


(U)  To  utilize  all  available  Rocketdyne  experience,  a  survey  was  made 
of  all  rcgeneratively  cooled  production  thrust  chambers  to  study  their 
life-limiting  processes.  Particular  note  was  made  of  tibe  JT-Z  liquid 
oxygen-hydrogen  thrust  chamber  life  history.  This  survey  led  to  a 
summary  of  thrust  chamber  life-limiting  processes  as  given  below: 


Axial  Tube  Splits  Cause  Rapid  Failure 


Hydraulic  pressure  spikes  can  burst  tube*;. 


HydravJic  pressure  can  burst  tubes  if  steady  stress  at  high 
temperature  causes  creep. 


Either  of  the  above  failure  modes  are  aggravated  by  oxidation- 
erosion  which  thins  the  tubs  wall. 


Transverse  Tube  Microcracks  Cause  Gradual  Degradation 


Cyclic  thermal  strains  can  cause  plastic  flo’v  which  eventually 
results  in  transverse  tube  microcracks. 


These  microcrc-ks  are  not  self -propagating  and  are  closed 
during  steady-state  operation. 


(U)  A  materials  evaluation  and  selection  effort  was  then  planzied  to 
provide  the  critical  data  needed  to  select  a  long-life,  high-performance, 
fabricable  tube  material. 


The  logic  flow  diagram  for  the  material  selection  program  is 
shown  in  figure  67, 


LITERATURE 

SURVEYS 


mstMiite. '  is 


%"<»  f^«t  ft 

1^  iitU|^%  tee&i»lfiMft  tt 

11^^.  A'-lmi'^ikiiftliit'#^ 

pv^-etfti  Jiitiguft'  ftftd  w«i|^  ftftftlyftlt  wftirft  oIhmI  ti 

fro«^  oi  cftscidgitft 


T^  cftitdidate  matesriftit  tbu*  aftlftcted  wer«  t&M  Am  sid^ftet  of 
prftUn^ftftjry  studiftc  in  processings  ftvftilftbilitys  end  co«t.  As  ft  rftsi;^ 
ol  SHrelitninary  stadiess  a  farther  screening  of  tlM  original  can¬ 
didates  was  made.  The  original  candidate  materials  oddch  survived 
the  preliminary  screening  are  shown  in  Table  19. 


(01  The  ftrst  quarterly  pr<^ress  report  described  the  results  of  the 
nmterial  property  literature  survey.  Derivation  of  the  plastic  strain 
analysie  was  i^dso  given,  and  is  summarised  in  Fig.  68. 

(ll|  In  the  sectmd  quarter,  hie  osddatioa-erosion  studies,  diffusion 

and  coatings  sttadies.  brase  and  heat  treat  procees  etudiec.  as 
as  the  fatigue  scr^^uing  teets.  and  ductility  screening  teete  were 
completed.  The  creep  screening  tests  and  sur&ce  protection  screen¬ 
ing  tests  were  remcved  from  the  materials  selection  program  because 
the  results  of  the  initial  studies  indicated  they  would  be  premature  and 
perbftfMi  imnecessary.  Some  tube  simulation  fatigue  tests  have  been 
aceomplisheo. 

(TJ;  A  separately  funded  tube -tapering  feasibility  program  was  also 
completed  and  the  results  were  made  available  for  the  material  selec¬ 
tion  program,.  The  materials  evaluated  in  this  program  were  type  347 
stainless  steel,  nickel  200,  nickel  270,  and  OFHC  copper.  These 
materials  were  eKperimentaliy  tapered  to  ADP  tube  dimensions  and 
tolerances.  Inspection  of  the  finished  tubes  yielded  an  initial  estimate 
of  tube  tapering  conSdence  with  regard  to  process  time,  tolerance 
control,  lubricant  contaminatioxt,  and  the  effect  of  inclusions  in  the 
material. 


(U)  No  major  difficuities  which  prevented  the  successfxil  collection  of 
adequate  data,  were  experienced  althoxigh  the  tube  simulation  fatigue 
test  facility  experienced  some  high-power -level -run  problems.  This 
prevented  the  collection  of  tube-tester  fatigue  data  on  nickel  and  copper 
tubes  in  the  second  quarter. 


(U)  The  oxidation-erosion  studies  revealed  that  from  strictly  thermo¬ 
dynamic  considerations,  copper  and  nickel  should  not  rxidize  in  a 
water  vapor  environment. 


Axial  Plattic  Strain,  «  •li'^ 

axial  i-XZ 


Tangential  Plastic  Strain,  Cp 

tang 


Elective  Plastic  Strain,  Sp  =  h  .  O  7*1  «p  +e^ 

effective  y  ^tang  tang  axial  axia 


Cyclic  Plastic  Strain  A<p  =  2cp 


effective 


Appearance  oi  ivu«.rocracks 


Where  ^  =  Heat  flux,  K  =  thermal  conductivity,  =  Gas  Wall 
Temperature, 

Tg  =  Coolant  bulk  temperature,  v  =  Poisson's  ratio,  =  yield  strosb 

E  =  Elastic  modulus,  C  =  experimentally  determined,  temperatur*^ 
Dependent  number  k  =  experimentally  determined  exponent 
=  No.  of  engine  starts  before  immerous  tube  cracks  appear. 


Figure  68,  Plastic  Strain  Anal/s. 
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(U)  hydroffn  in  y^porj  cojsiiev 

nickel  flhouid  ho  ■  cnddise.  even  .ir^ei^.iiie’Pov  ■~<^i^tl4!|||;: 
of  ADP  thrust  cherhi»ers»  Tt  seem!|  4e  thetl,'  ^be:  0«i4ftt|a|A* 

erosion  probicn;  if  it  eppea^e,  ;  jiracflfityi  €Ofi“ 

sioeratiQYis  ae' n^winffo^  miktui*©  »3,Co--^siI»ip.u^^^  a^^dwei^.e''  ’ 
perturbations  in  tube  te'm^;‘".v'a^4V».  1^ 

twined,  by  teste, , ani  are  bhftrkcteTiiii^;  , ' 

sequence,  throtUing  range,  lyd’d  other 

*  '':'■  ••  \  -  ■>  ...  >0  .■'’' •'■'i 

(U)  .  The  diffusion  ht^eira  and  coatixigs. ’studies  were  iftf^en^d  U>  reveal 
those  state -of- ti  e -art  ptbces  see  uflrith  mfgM' be  a^'J))  i’ed  to  aick»l  or 
copper  lubeF.  to  enhance  their  oxidation-erosion  resistance.'  T^  (Hi'- 
ferent  approaches  were  explored.  .Stu(^es  indicated  that  braae  alloy 
wetting  may  increase  the  oxidation  r^^risfarce  pf  ni^’tet  and  cpfper 
since  ^esu  alloys  are  essentially^cOmj  nsed  pf  UQole  netals.  A  con¬ 
current  literature  review  revealed  the  exiutdnhi.  plseveral  state-of- 
the-art  intermCtatllic  diffusion  processes  which  we^'<ld.  be  applicable  to 
nickel  and  possibly  copper.  Diffusions  of  aluminurn  appear,  particularly 
attractive  because  such  diffusions  reputedly  have  ducdUtieb  close  to 
that  of  the  base  nietal.  Other  diffusion  systems  in  current  use  employ 
chromium  and  aluminum-chromium  co  -nbinatious.  All  diff^ution  coM;- 
ingr  wsmld  adversely  affect  thermal  cf  iductivity  to  some'd.  grde.  The 
significance  of  this  degradation  could  *  ’ily  be  determine u  b  heat 
transfer  tests  and  analyses. 


(H)  As  a  result  of  the  oxidation-erosiou  and  diffusion  layers  and  coat¬ 
ings  studies,  a  decision  was  made  to  niiminate  the  surface  protection 
screen.’ ng  tests  until  a  firm  requirt  meat  w'  s  established  by  ho^-firing 
tests.  ' 


(U)  The  mechanical  propei  lya  id  ductility  v<»ets  were  simplh  tCi.sile 
tests  on  rod  arid  ADF^  tube  specimens,  both  in  '-he  annealed  condition, 
and  were  also  proctfsed  in  j  way  s»».  xn.r  Jo  an  Al>P  Jt’ui'pace  brazed 
tuoe.  Tests  were  conducted  at  roorp  temperature  in  air  and  also  at 
elevated  temperature  in  an  argon  epvirpnrr.ent.  The  rpsh’*'  f  these 
tests  are  shown  in  Table  ?.0 .  Some  sijjnificant  fixings' frla.  these 
tests  v'ere  the  exceesi'y  /  low  yield  stress  Af  nickel  270  and  ^ae  effects 
of  grail  size  oh  th*  tube  rpaihrials'  ?.ppar.ent  tensile  properties.  The 
grain  structure  of  nickel  200  and  270,  CDFF.d  copper,  and  beryllium 
,  opper  No.  tO  prior  to  brazing  a.  1  p'o.sthrc.iing  is  shpwp  ip  figure  69 
chrough72.  All  exc  j^t  ..le  .Cu,-4.’u  No.  IQ'are  '  lular  epeciijcene. 

It  is:  noJ  t.p  pa  rent  from  nublishc.a  data  nor  fror,-!  uhe  fatigue  results 
reported  here  that  large  grains  have  a  dele.crious  effect  upon  life. 
However,  where  the  gj^ain  boundr  ci^s  expend  coinplotely  «ioiV^c  the 
tube  wall, as  shOv/a  {figure  o9,!uir.aUgh  7  2)  for  aickel  270  and  OFHC 
copper,  riech  -tnic"'!  l>c.hi  yldr  b’eccinei?';^’' re  ■■  and  intergranular  pene  ■ 
tration/o'  corttapiinauts  bppdmes  more  ha  ■'a  i  uons,  ■  v 
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39.0 
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25.6 
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(U)  As  a  result  of  these  tests  and  posttest  metallographic  analyses, 
further  investigations  of  the  effects  of  grain  size  on  the  mechanical 
properties  and  fatigue  life  of  nickel  200  in  the  furnace  brazed  condition 
were  conducted. 

(U)  The  braze  process  and  contamination  studies  and  tests  were  in¬ 
tended  to  define  initially  proposed  furnace  step  braze  cycles  for  each 
candidate  tube  material.  These  initially  proposed  braze  cycles  were 
then  applied  to  test  specimens  to  determine  the  alloy  wetting  and  flow 
characteristics,  and  to  determine  any  tendencies  for  the  braze  alloys 
to  induce  tube  alloying  or  intergranular  penetration.  The  results  of 
these  tests  are  shown  in  Tables  21  and  22.  The  results  of  these  tests 
indicate  that  while  nickel  200  and  270  appareiuiy  may  be  successfully 
furnace  brazed  v/ith  current  technology,  brazing  of  the  OFHC  and 
beryllium  copper  is  limited  by  tendencies  of  the  common  braze  alloys 
to  dissolve  part  of  the  base  metal. 

(U)  The  mechanical  strain  z.'-  elevated  temperature  fatigue  tests  were 
designed  to  simulate  the  strain  cycle  experienced  by  a  thrust  chamber 
during  the  start  and  shutdowri  sequence.  These  tests  were  run  at  con¬ 
stant  elevated  temperatures,  and  utilized  rod  specimens  which  v/ere 
axially  strained.  Materials  In  the  annealed  and  furnace  brazed  condi¬ 
tion  were  tested.  The  plastic  strain  analy.sis  described  previously  was 
used  lo  predict  the  equivalent  axial  strains  which  each  material  would 
expel ience  as  a  thrust  chamber  throat  tube.  These  tests  were  run  at 
temperatures  which  represented  the  maximum  predicted  tube  gas  wall 
ternperatui’e  for  each  material.  Tests  were  also  run  at  a  reduced 
ccraperature  known  to  represent  a  condition  of  minimum  ductility  for 
each  material.  All  tests  were  run  iti  an  argon  environment.  Table  23 
shov/.s  a  summary  of  the  test  conditions 

(U)  A,  record  of  each  load -strain  cycle  w’as  continuously  printed  out  by 
antornat.Ic  equipment.  Typical  load  strain  cycles  recorded  in  these 
tests  are  shown  in  figure  73.  The  unsymmetrical  curve  developed  after 
a  large  num'ier  of  cycles  represe’^ts  the  load-deflection  behavior  of 
the  progressiiig  fatigue  crack  aliernately  stressed  in  tension  and  coni" 
pression.  As  the  crack  ,fr<iws,  the  fetisAe  load -carrying  ability  de¬ 
creases  as  sti  ain  remains  constant,  tiui.  prrivid'ng  a  Cvinve rdent 
tochiuqce  for  locjurding  crai  k  proj’vessit)n. 

(T.ji  Wliiie  it  is  customary  ia  tests  of  this  nature  to  r<'port  the  number 
o''  cycle;;  to  complete  fracture,  a  more  meani’igful  techrAiciue  was  used 
gcivc  a,  measure  of  the  developmeri!  of  internal  fatigue  damege, 
as  well  as  *luj  converdional  cyclic  life.  This  was  obtainea  by-  plotting 
the  ratio  of  maKirriuoi  cyclic  tension  --  coiopressiou  loiiris  in  the  sped- 
meti  vs  the  munber  of  test  cycle--,  Ibese  load  val  .;cs  were  obtaiiied 
from  'lie  load-strain  iiyste  reals  loops,  as  shown  in  fig, ore  /  i.  Groups 
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BSAZIKI  EEASIBIIITy  TESTS,  NICKJL  200,1 


t  Tubing 
Material 

Braze  Filler 

Metal 

Braze 

Temperature, 

F 

Braze 

Atmosphere 

/ 

ng 

Vei 

Nickel  200 
and 

Nickel  270 

905{;Ag-10^Pd 

(BBOI7O-O62) 

1975 

Hydrogen 

G 

82^u-18^Ni 

(BBOI7O-O64) 

1800 

Hydrogen 

V 

905SAg-55^1M-4^ 

Cu-l^i 

(RB0170~105) 

1800 

Hydrogen 

3 

72^4g-28^u 
(AWS,  BAg-8) 

1500 

Argon* 

Q 

60^g-305fcu-10^Sn 
(Utindy  and  Harman 
Braze  603) 

1330 

Argon* 

G 

I 

6!  'i?^Ag-24^':u-- 
14. 5^In 

(Handy  and  Harman 
Braze  615) 

1350 

Argoa*^ 

Beryi lium 
Cop!'*^r 

j 

625fcu-35^Au-3%Nl 

(P^0]70-065) 

50^ii-‘:)U^u 
(Handy  anil  Harman 
Premabraze  402) 

1900 

IHOQ 

Hydrogen 

Hydrogen* 

j 

i 

j 

72^\S-  28)^11 

1 50!) 

Argorr'^ 

1 

1 

AWS ,  BAg--H ) 

i 

i 

: 

1 

1 

i 

1 

1 

^  (Hz'^uy  and  Harman 
1  Brav^e  6O3; 

1 

j  15^0 

1 

i 

i 

1  Argon^* 

(> , .  ;,>'^Atf-'245^K’u 

(Randy  andi  Hanman 
Bi.uj  Ml) 

!  ■^5!) 

,i 

i 

1 

i 

1 

1 

'Flia  ap piled  fco  spoclme^;^ 
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fcs,  NICKEL  200  ,  270,  AND  BEKTIillUM  CCHTO 


Bi’aze 

Atmosphere 

.  .  . 

Visual  Examination 

Microstructure  Examination 

Alloying, 

inch 

Intergranular 

Penetration, 

inch 

Wetting 

Plow 

Fyilrogen 

Cood 

Good 

•  0.001 

<  0.001 

1  Hydrogen 

Good 

Good 

<  0,0015 

<  0.001 

Hydrogen 

Good 

Good 

<  0.001 

<  0.001 

Argon* 

Good 

Pair 

<  0.001 

<  0.001 

Argon* 

Good 

Pair 

<  0.001 

<  0.001 

Argon* 

; 

Good 

Pair 

<  0.001 

<  0.001 

Hydrogen* 

Good 

Good 

Grain  Boim 

liary  Melting 

■  Hvdrogen* 

Good 

Good 

0,006 

<  0.00] 

■ 

,\r(T'-n* 

Good 

F.'i  i  r 

().oo> 

<  O.OOi 

\rgor.^ 

Good 

F'ri.  i  r 

0. 00^1 

<  O.O'Ji 

Guod 

0,000 

1 

0.00! 

^  . 

. _ . 

1 
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Tubing 

Material 

Braze  Filler 
Metal 

Braze 

Teiq>erature, 

F 

Braze 

Atmo8phi.r« 

VI 

Ve 

OFHC 

Copper 

625fcu-35jCau-3)CNi 

(BBOI7O-O65) 

1900 

Hydrogen 

50)<Au-50jfcu 
(Handy  and  Harman 
Premabraze  402) 

1800 

E^drogen 

72^-285fcu 
(aWS,  BAg-8) 

1500 

Ar^ 

60<tAg-30J<Cu-105fen 
(bbandy  and  Blarman 

^aze  603) 

1350 

Argon* 

61.55fAg-245ft:ti 

-lk.5%ln 

y^Handy  and  Harman 
Braze  615) 

1350 

Argon* 

*Flux  applied  to  spoclmens 
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KE;ASIBIIl!nr  tests,  qfhc  coffer 


Braze 

Ltmosphere 

- . 

Visual  Examination 

Microstructure  Examination 

Alloying, 

inch 

Intergranular 
Pen<*trai.i  on, 
inch 

Vetting 

Flow 

{ydrogen 

Good 

Good 

0.0056 

<  0.001 

^drogen 

Good 

Good 

<  O.uOl 

<  0.001 

iTgon* 

Good 

Pall 

0.002 

<  O.OOi 

irgon*^ 

Good 

Pal  ’* 

ij,0015 

<  0  ^'01 

irgon* 

U  ^ 

Good 

T'air 

0.002 

<  O.COI 
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TABLE  23 

MECHANICAL  STRAIN  AT  ELEVATED  TEMFERATDRE  FATIGUE  TESTS, 
SIMMARY  OF  TEST  CONDITIONS 


Material 

Condition 

Cyclic 

Strain, 

in./in. 

Test 

Temperature , 

F 

No.  of 
Specimens 

Type  3^7  Stain¬ 
less  Steel 

Annealed,  1975  F 

0.0360 

1650 

2 

Nickel  200 

Annealed,  1350  F 

0,0257 

1400 

2 

Nickel  200 

Annealed,  1350  F 

0.0257 

1100 

2 

Nickel  200 

ADP  Step  Braze  Cycle, 

1975  F 

0.0257 

1400 

1 

Nickel  200 

ADP  Step  Braze  Cycle, 

1975  F 

0.0257 

1100 

1 

Nickel  2,70 

ADP  Step  Braze  Cycle, 
1975  F 

0.0257 

1400 

2 

Nickel  270 

ADP  Step  Braze  Cycle, 
1975  F 

0.0257 

1100 

2 

OFHC  Copper 

Annealed,  900  F 

0.0134 

750 

2 

OfHC  Copper 

Annealed,  900  F 

0.0134 

500 

2 

OFUC  Copper 

ADP  Step  Braze  Cycle, 
1900  F 

0.0134 

750 

1 

OiTiC  Copper 

ADP  Step  Braze  Cycle, 
1900  F 

0.0134 

500 

1 

Beryllium  Copper 
Alloy  10 

ADP  Step  Braze  Cycle. 
1800  F 

0.0098 

750 

1 

Beryllium  Copper 
AlJoy  lO 

ADP  Step  Braze  Cycle, 
1800  F 

0.0098 

500 

1 

V'ory!  1  i  um  Copper 
Alloy  10 

Heat  Treat  to  OptimiUn 
Properties 

0,0098 

750 

2 

Beryllium  Copper 
Alloy  10 

Heat  Treat  to  Optimum 
Properties 

0.0098 

'300 

_ _  _  .  J 
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of  curves  for  each  common  material  and  process  conditioi^  were  then 
drawn  for  each  specimen  run  at  various  test  temperatures. 

(U)  Figure  74  shows  two  such  curves  for  furnace  brazed  rdckei  200. 
Since  the  thermally  induced  strain  in  a  thrust  chamber  tube  actually 
occurs  over  a  range  of  teiuperatures,  an  average  temperature  fatigue 
curve  has  been  estimated.  The  arithmetic  average  used  was  felt  to  be 
conrarvative  for  this  case. 

(U)  The  averaje  curves  for  each  material,  both  in  the  annealed  v...d 
processed  condition  plotted  together  for  comparison  purposes,  are 
shown  in  figure  75.  These  curves  are  useful  in  comparing  materials, 
as  v'ell  as  for  estimating  the  number  of  start  sequences  required  to 
cause  transverse  through -cracks  in  a  thrust  chamber  tube. 

(U)  The  tube  simulation  fatigue  tests  were  initiated  in  the  second 
quarter.  A  typical  formed  tube  and  completed  tube  specimen  is  shown 
in  figure  76.  An  instrumented  tube  specimen  installed  in  the  tube 
ester  prior  to  installation  of  the  pressure  chamber  is  shown  in  fig¬ 
ure  77.  A  spring-loaded  chromel/alumel  thermocouple  located  on  the 
tube  cro'-  n  (center  of  specimen)  is  used  for  the  programmed  cycling 
control.  Other  instrumentation  shown  includes  voltage  pickups  and 
electrically  insulated  thermocouples  at  the  ^nds  of  the  heated  specimen. 
Simi''”-  instrumentation  is  employed  on  the  diametrically  opposed  tube 
crown, 

(U)  Several  tube  tester  specimens  were  thermally  cycled  to  failure. 
These  include  three  347  CRES  tubes  and  one  Hastelioy-X  tube,  all  of 
0,010-ircli  wall  thickness.  These  n.ateria’s  were  tested  prior  to  r.'ckel 
and  copper  becaxase  of  material  availability.  Also,  the  analytical  model 
was  initially  based  on  data  obtained  from  J-2  thrust  chamber  tests  and 
other  sources.  Most  experimental  data  available  were  on  stainless 
steel.  Cyclic  fatigue  data  obtained  agree  with  the  analvtical  technique 
and  data  used  for  predicting  the  fatigue  life  of  A.DP  tubula.  chambers. 
One  OFHC  ccppcr  and  two  nickel  200  specimeat.  were  fabricated. 

Testing  of  these  specimens  is  scheduled  foi  the  next  quarter. 

(U)  The  test  results  of  the  stairiiess-steel  and  Hastelloy-X  rube  speci¬ 
mens  are  summarized  in  Table  /.4  .  Trie  cooiant-sid.,  operating  condi¬ 
tions,  hydrogen  flowrate,  and  bulk  temperature  (ambient),  were  main¬ 
tained  constant  for  all  tests.  Each  cycle  was  programmed  for  27 
seconds  d 'ration  which  consisted  of  a  6-second  hold  at  elevated  temper¬ 
ature,  a  5-second  ramp,  a  5~second  decay,  and  an  11 -second  hold  at 
ambient  ter-iperature. 


165 

CONFIDENTIAL 


rain  at  Elevated  Tem: 
kel  200 


Fi'nn-c  77 


Thrust  Chamber  Tube 


Tester  (Hijrh  Presfeurp) 


CONfJENTiAL 


CONFIDENTIAL 


(U)  One  test  was  run  at  HOOF  wall  temperature,  this  being  the  highest 
temperature  at  which  cyclic  fatigue  data  were  available  on  stainless 
steel.  Although  this  steel  specimen  tested  at  HOOF  incurred  thermal 
fatigue  cracks  at  270  cycles,  testing  was  resumed  to  3)0  cycles. 

Cracks  were  detected  by  both  a  rise  in  tube  external  (bell  jar)  pressure 
and  by  infrared  TV  coverage.  Testing  beyond  initiation  of  fatigue 
cracks  tiimulated  thrust  chamber  operation  with  transverse  tube 
cracks.  Figure  76  depicts  tube  failures  photographed  after  300  cycles, 

(U)  Another  stainless  steel  specimen  was  targeted  for  1600F,  which 
is  the  anticipated  operating  gas -side  tube-wall  temperature  for 
stainless -srteel  tubes  in  the  ADP  thrust  chamber;  the  2050F  test  pro¬ 
vides  data  on  the  reduction  in  cyclic  fatigue  life  at  extremely  high  wall 
temperatures. 

» 

(U)  Even  though  stainless  steel  will  not  be  considered  for  the  demon¬ 
strator  module  tubes,  these  results  are  significant  in  providing  an 
experimental  check  on  the  method  of  prediction  of  cyclic  fatigue  life 
analytically  from  material  properties  determined  in  the  laboratory. 
Additionally,  these  tube  tester  results  on  stainless  steel  are  corre¬ 
lated  with  actual  hot-line  life  of  stainless-steel  tubes  used  on  the  J-2 
thrust  chamber,  to  calibrate  the  analysis  further. 

(U)  The  agreement  of  the  tube  tester  type  347  stairiless -steel  test 
results  with  the  life  characteristics  used  to  p^-edict  the  life  for  the  ADP 
chamber  is  reflected  in  Table  24.  Based  on  these  results,  it  is  be¬ 
lieved  that  the  analytical  model  can  be  used  with  confidence  in  predicting 
the  thermal  fatigue  life  of  the  candidate  thrust  chamber  materials. 

This  will  be  verified  with  continuing  testing  of  nickel  and  OFHC  copper 
specimens. 

(U)  To  select  a  tube  material  for  the  demonstrator  segment  thrust 
chamber,  a  criteria  list  was  developed  as  an  aid.  The  criteria  were 
taken  from  life,  performance,  and  fabrication  considerations.  Each 
tube  material  was  then  evaluated  by  these  criteria,  as  determined 
from  the  results  of  the  Materials  Selection  Program,  from  previous 
experience,  from  published  literature,  and  from  the  results  of  the  hot- 
firing  tests. 

(U)  A  comparison  of  the  demonstrator  segment  thrust  chamber  tube 
materials,  as  determined  by  these  criteria,  is  given  in  Table  25.  It 
was  concluded  that  nickel  200  offered  the  best  combination  of  neces  - 
sary  features  for  this  application.  This  material  was  therefore 
selected,  in  combination  with  a  process  cycle  which  produced  the  best 
obtainable  properties. 
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FAGTOItf?  AFFIX;TTNG  SimTION  OF  20K-SffiMK^T  TJBE  MATERIAL 
(Based  on  State-of-f he-Art  Fabrication  Technology  and  ADP 
Operating  Conditions) 


Material 

Cri'erion 

Type  347 

Stainless 

Steel 

Nickel 

200 

Nickel 

270 

OFHC 

Copper 

.......  .  ,1 

Strength  to  Withstand 
Hydraulic  St) ess 

Good 

Good 

Poor 

Good 

Thermal  Stress 

Fatigue  Resistance 

Poor 

Good 

Poor 

Fair 

Metallurgical  Stability 

Excellent 

Good 

Poor 

Poor  1 

1 

Oxidation-Erosion 

Resistance 

Good 

Good 

Good 

Good 

System  Con.pci t '  hi  i :  ty 

isxce]  i  ’--.'.c 

rod 

Good 

Fair 

Comparative  Coolant 
Pressure  Drop 

1.0 

0.85 

0.75 

0.95 

Comparative  Weight 

1.0 

1.05 

1.05 

1.20 

Uprating  Capability 

Poor 

Fair 

Fair 

Good 

Drawing,  Tapering, 
and  Forming  Confidence 

Good 

Excellent 

Excellent 

Good 

Brazing  Confidence 

Excellent 

Good 

Good 

Poor 

Availability 

Good 

Good 

Good 

Good 

Total  Coat 


Low 


Lov 
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(IJ)  A  similt  r  comparison  was  made  of  the  long-range  condidate 
material'--  (Table  26).  It  was  see^  that  the  beryllium  copper  alloy 
No.  10  rna^eria*.  offered  a  larg*'  '^crease  in  thermal  fatigue  rcHistance, 
especially  in  the  f”lly  heat-treated  cordiiion,  this  is  due  to  fne  fart 
that  no  plastic  strain  is  induced  in  this  condition.  It.-  practical  thrust 
c  lamber  use,  however,  awaits  the  development  of  suitable  manuiac lur¬ 
ing  processes. 

c.  Problem  Areas  and  Solutions 

No  particular  problem  areas  navi,  been  encounle:  d  on  this  effort 
to  dat'2, 

d.  Testing 

(1)  Test  Results 

Result.s  of  laboratory  and  simulator  experimeitta  were  discussed 
in  the  Progress  During  Report  Period  section.  There  w'ere  no  hot- 
f.re  test  results. 

(2)  Test  Facilities  and  Procedures 

(C)  Program  Test  Plan  for  2.  5K  Tube-Wall  Chamber.  A  test  plan  has 
been  written  for  the  2.  5K  tube-vvall  chambers.  The  primary  objective 
of  this  test  program  is  to  evaluate  regenerative -cooling  capability  of 
each  tube  material  to  chamber  pressures  of  1500  psia. 

(C)  A  tentative  test  schedule  for  each  chamber  is  shown  in  Table  27. 
AD  tests  will  be  run  at  a  chamber  mixture  ratio  of  5.0,  because  thio 
'ipproximatus  the  maximum  heat  fluxes.  Test  duration  will  be  5  sec¬ 
onds  to  ensure  steady-stats  instnmient  readings.  Hardware  instru¬ 
mentation  w'ill  include  heat  transfer  and  performance  measi  emunts. 
Direct  hot-gas,  wall-temperature  measurements  -vvill  be  att.e,r!pt"d 
using  braze  alloy  spots  on  the  tu'  e  surface  and  al.so  by  using  smal! 
thermocouples  brazed  to  the  tube  surface.  Coolant  rnoasureinents  v.ill 
include  flowrate  and  inlet  and  outlc ,  temperatures  and  pressures.  For 
performance,  thrust,  chamber  pressure,  injection  flowrates,  and 
hydrogen  injection,  temperature  will  be  measured. 

(U)  Tube  Instrumentation.  The  two  technique^  !nv  stigated  to  obtain 
gas -side,  tube -wall  temperatures  were;  (H  •  .iStaliation  of  micro¬ 
miniature  tuermocoupl.-.^,  and  (2)  applies'  ..i  of  braze  alloy  deposits  on 
tube-wall  surfaces.  Braze  alloy  depo.'^itE  will  be  selectiv..  ^  empiv)yed 
on  the  2.  5K  chambers. 
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TABLE  26 

FACTORS  AFFECTING  SELECTION  OP  LON(~R.\NGE  TUBE  MATERIALS 


(Based  on  Current  Knowledge  and  ADP  Operating  Conditions) 


Material 

Criterion 

Boron 

Deoxidized 

Copj)er 

Beryllium 

Copper 

Partial  Heat 
Treat 

Beryl 1 ium 
Copper 

Full  Heat 
Treat 

Strength  to  Withstand 
Hydrualic  Stress 

Cood 

Excel  lent 

Exc  el  1 ent 

Thermal  Stress  Fatigue 
Resistance 

Good 

Excell ent 

Uni  i  Tinted 

Metallurgies  Stability 

Good 

Excellent 

Excellent 

Oxidation-Erosion 

Resistance 

P;i  -r 

Good 

el  lent  * 

j 

System  Compatibility 

Fair 

Good 

i 

Good 

Comparative  Coolant 
Pressure  Drop 

1 

0.95 

0.95 

o 

Comparative  Weight 

1.20 

1.05 

1.05 

Uprating  Capability 

uood 

Exc  el  1 ent 

Drawing,  Tapering,  and 
Forming  Confidence 

Good 

Unknown 

Unknown 

Brazing  Confidence 

Poor 

Poor 

1 

i 

Poor 

Availability 

Fa  - 

Goou 

Good 

Total  Cost 

— 

Lo  ff 

Moderate 

:  M.idei-at  v 
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(U)  The  evaluation  of  braze  alloy  remelt  temperatures  and  their 
application  were  completed  and  reported  last  quarter.  These  temper- 
ature  indicators  will  be  applied  post-furnace  brazing  of  the  ssaembly. 
This  is  necessary  because  the  furnace  braze  alloy  melting  temperature 
is  higher  than  that  of  applicable  temperature  indicators.  Braze  alloy 
deposits  will  be  used  in  accessible  {(Jivergent  region)  areaz  only. 

(U)  Micro-miniature  thermocouple  installations  using  high-ternperature 
{1900F)  braze  were  unsuccessful.  Thin  high-temptrature  appHcation 
was  necessary  because  the  thermocouples  must  be  installed  prior  to 
furnace  brazing  the  t\ibular  chamber  as^jembly.  The  installations  re¬ 
sulted  in  gas -side  tube  surface  discf*r.l  ities  wl  ich  were  »iot  accept¬ 
able  for  the  operating  conditionr  of  the  aJP  thrust  chamber. 

e.  Summary  of  Planned  Effort  for  Next  Re-jort  Period 

(U)  Fabrication  of  a  SK  copper  chsmbe  •  segment  and  a  nickel  cham¬ 
ber  segment  w'U  be  completed  and  testing  initiated  shortly  thereafter. 
The  thrust  chamber  materialfi  investigation  will  be  directed  toward  the 
derivation  and  programming  of  an  extensive  tube  stress  analysis  pro¬ 
gram.  More  rigor*  us  analytical  techniqvsea  v/ill  be  developed  which 
take  into  account  the  compiet'^  stress  and  strain  history  of  a  thrust 
chamber  ttibe  during  a  Typical  missior:.  cycle. 
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3.  THRUST  CHAMBER  NOZZLE  DEMONSTRATION 

One  of  the  major  objectives  cf  the  fabrication  and  test  task  of  the 
current  program  is  to  demonstrate  performance  capability  of  the 
aerospike  thrust  chamber.  Full-scale,  250K  thrust  chambers 
duplicating  the  combustion  and  nozzle  expansion  features  of  the  demon¬ 
strator  module  thrust  chamber  are  being  used  for  performance  demon¬ 
stration.  One  solid-wall  250K  chamber  is  being  fabricated  for  the 
following  purposes: 

1.  Verify  injector  integrity  and  compatibility  before  exposing  tube 
wall  chamber 

2.  Evaluate  hypergolic  and  hot-gas  ignition 

3.  Rate  the  injector-combustor  stability  by  pulse  gui.  as  woll  as 
operational  test 

4.  Provide  an  alternative  means  of  evaluating  combustor  a:  id 
nozzle  performance 

5.  Evaluate  tapoff  gases  .d  demonstrate  feasibility  of  tapiiff.  :  , 
source  of  turbine  power  on  the  aerospike  chaml  sr 

Two  250K  tube -wall  chambers  arc  being  fabricated  to  provide 
long -duration  capability  for  performance  i.ieaaurements.  These  cham¬ 
bers  will  be  operated  with  varving  deg-e  ;8  cf  bi^se  bleed  and  in  a 
diffuser  for  simulating  altitude  conditions. 

Injector  and  combustor  f**a*ures  du;'Hca‘e  there  presently  being 
designed  into  the  demo;'8trator  module  chamber, 

a.  Status 

(U)  All  forgings  for  the  inner  bodies  have  been  received.  The  first 
forging  {to  be  used  on  the  solid -wall  chamber)  has  been  rough  machined 
and  the  OFKC  copper  surfacing  h«'*8  oejn  completed.  The  final  finish 
machining  for  contoui  s  progressing  (figure  78).  The  welding  of  the 
second  inner  body  ring  forgings  to  the  conical  assembly  for  the  first 
tube -wail  inner  body  is  being  completed. 

(U)  The  outer  film-cooled  sclid-wall  body  (figure  79)  has  the  fUin 
coolant  ring  (figure  30)  welded  in  place  ami  the  vj^eldi.ig  of  tue  OFHC 
copper  on  the  surface  is  in  progress.  The  ring  forging  for  the  first 
tube -wall  outer  body  has  been  received  and  rovtgh  machining  oeen 
completed.  The  propellant  feed  holes  are  now  being  drilled. 
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(U)  The  pilot  rune  with  the  tube  forming  diee  have  been  completed^ 

The  tubes  for  the  brazing  test  apecimen  are  currently  being  fornidi^ 

(figure  81).  The  flow  test  unit  (figure  82)  for  calibrating  the  tubes  has 
been  completed  and  initial  checkouts  accomplished  wit^  satisfactory 
results. 

(U)  The  first  injector  assembly  h  been  machined  and  all  of  the 
propellant  feed  holes  have  been  d  ^ed.  Currently,  the  oxidizer  and 
fuel  manifolds  are  being  welded  in  place  (figure  83).  The  second  unit 
has  been  rough  machined  and  the  propellant  feed  holes  are  being  drilled. 
Detail  fabrication  of  the  oxidizer  and  fuel  manifolds  is  progressing. 

The  baffles  for  the  first  unit  are  at  the  electroform  supplier  for  the 
depositing  of  copper  on  the  face  of  the  baffle. 

b.  Progress  During  the  Report  Period 

(1)  250K  Solid-Wall  Thrust  Chamber 

(C)  The  final  solid-wall  chamber  design  (figure  84  and  85)  is  com¬ 
posed  of  two  major  units:  the  outer  body  of  the  combustion  chamber 
and  expansion  shroud,  and  an  inner  body  and  expansion  nozzle.  Radial 
and  axial  positioning  of  the  inner  and  outer  body  are  maintained  by 
attachment  to  the  injector.  Thermal  and  pressure  loads  are  trans¬ 
mitted  through  shear  lips  on  the  interface  at  the  attach  bolt  circle. 

Thrust  loads  are  trant  mitted  through  the  inner  chamber  body,  utilizing 
an  eight-point  thrust  motmting  structure  (figure  86).  A  thrust  duration 
of  approximately  0.7  second  at  full  thrust  is  made  possible  throvtgh  the 
utilization  cf  film  cooling  and  copper -lined  throat.  The  inner  and  outer 
body  are  presently  20  percent  completed,  Roth  bodies  have  the  coolant 
manifolds  and  inlets  finish  machined  ond  film  coolant  orifice  rings 
welded  in  place.  Prese^r^ty,  the  copper  weld  for  the  throat  region  is  in 
work.  Upon  completion  of  welding,  the  inner  contour  and  balance  of  the 
chamber  will  be  finish  machined. 

(U)  The  inner  and  outer  combustor  body  finalized  design  (figure  84  and  85) 
incorporates  film  coolant  rings  located  1.5  inches  above  the  throat. 

The  coolant  flows  through  orifices  in  the  ring  which  are  directed  toward 
the  converging  wall  of  the  throat,  providing  a  boundary  layer  of  coolant 
along  the  surfaces  of  the  throat  and  nozzle.  To  improve  the  life  capa¬ 
bility  of  the  chamber  further,  the  throat  is  lined  with  0.75 -inch  thick, 
high  thermal  conductivity  copper  which  provides  a  margin  of  safety 
during  operation  and  also  the  potential  of  brief  operation  without  coolant. 

(U)  The  injector  used  with  the  solid -wall  chamber  assembly  is  identical 
to  that  planned  for  the  tube -wall  assemblies  except,  since  there  is  no 
circulation  of  fuel  in  the  injector  crossover  passages  during  solid -wall 
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Figure  81.  Inner  and  Outer  Thruet  Chaiaber 


CONFIDENM 


183 

CONFHKNIljlL 


t/l6/66-clB 


CONFIDENTIAL 


Figure  84.  250K  Solid  Wall  Thruat  Chamber  Outer 

Body  Assembly 
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ch&mber  tectiog,  two  pressurising  ports  will  be  directed  into  the  meni* 
fold  in  this  area  to  maintain  an  inert  gas  pressure  greater  &an  ttte 
chamber  across  the  seals  between  the  injector  and  chamber  bodies. 

(C)  The  mddiser  is  directed  from  the  facility  supply  source  thrmigh  a 
line  into  the  diffuser  and  the  plenum  chamber  which  then  distributes 
Ihs  oxidizer  through  four  tangential  inlets  in  the  manifold.  Here,  it  is 
fed  directly  to  the  injector  passageways  leading  to  the  oxidizer  injection 
orifices.  The  fuel  also  is  directed  from  the  facility  through  a  supply 
line.  From  the  distribution  manifold,  the  fuel  is  fed  through  ZO  inlets 
around  the  periphery  of  the  injector  fuel  inlet  manifold  which  feeds  the 
injector  orifices  and  baffles.  Naflex  seals  are  utilized  for  sealing  all 
flanged  connections  in  the  fuel  and  oxidizer  systems.  A  base  closure 
plate  is  attached  at  the  nozzle  end.  The  entire  thrust  chamber  is 
provided  with  extensive  instrumentation  boss  attachments. 

(C)  Stability  Testing  Proviaione.  The  instrumentation  and  stability 
provisions  for  the  solid -wall  engine  were  finalized  this  quarter. 

Stability  testing  will  be  accomplished  by  pulse  guns  in  three  adjacent 
compartments  located  1  inch  below  the  injector  face.  The  pulse  guns 
were  chosen  for  their  ability  to  provide  a  directional  burst  of  energy 
in  the  region  most  likely  to  induce  instability.  Located  on  the  outer 
wall  of  the  thrust  chamber  (figure  87).  the  guns  are  easily  serviced  and 
insensitive  to  thermal  detonation,  allowing  the  chamber  to  be  "pulsed" 
at  any  time  during  mainstage. 

(U)  The  gun  (figure  88)  is  designed  to  accept  either  a  300  H  &  &  (rifle) 
or  a  38  special  (pistol)  cartridge.  The  shell  can  utilize  various  powder 
loadings,  and  when  utilized  with  furst  diaphragms  of  7500,  10,000,  and 
20,000  psig,  provides  varying  values  of  over  pressure. 

(U)  High-frequency  pressure  transducers  provide  data  during  stability 
runs  for  evaluation  of  over  pressure  and  damping  characteristics.  The 
transducer  ports  (Photocbn  type)  also  may  be  adapted  to  streak  phoh.i'g  • 
raphy  windows. 

(U)  During  the  chamber  run.  an  electrical  squib  is  detonated  and  drives 
the  firing  pin  into  a  standard  rifle  or  pistol  primer  which  ignites  the 
pcwder.  The  burst  diaphragm  prevents  the  gas  charge  from  escaping 
into  the  chamber  until  the  full  charge  is  developed. 

(2)  250K  Tube -Wall  Thrust  Chamber 

The  structural  and  mechanical  design  of  the  250K  tube -wall 
chamber  were  described  in  the  previous  quarterly.  Daring  this  quarter. 
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rn^or  design  effort  on  tide  chlm^r  was  comptaledL  Ins tninMiittat|i«B 
requirements  were  determined  sad  pretdetons  lor  (1)  tiRmperslnte 
sensors,  (2)  static,  h^M^-frdqtmncy,  imd  presenre  fdelnq^t,  and  (2^1  ettnr 
instruments  were  incorporated  into  tlM  des^|;a, 

(C)  Nossle,  Continuity  of  the  final  aerodynamic  ^dke  noaale  oimtemt 
design  for  the  inner  wall  beycmd  the  end  of  file  rofMeralively  cooled 
section  is  obtained  by  the  use  of  a  solid-wall,  imcooled  nossle  eatteimi«i. 
The  extension  begins  16.00  inches  downstream  of  the  throat,  terminat¬ 
ing  37.03  inches  from  the  throat  plane.  The  minimun  wall  thickiMsses 
at  various  axial  stations  were  defined  during  this  quarter.  Thermal 
and  stress  analyses  were  based  on  a  backwall  temperature  of  lOOF  and 
a  hot-gas  surface  temperature  of  2250F. 


(U)  The  cone  is  fabricated  of  rolled  and  welded  3041.  CRES  plate  with 
welded  flanges  at  either  end.  Instrumentation  ports  for  pressure  taps 
are  provided  at  various  axial  locations  for  veri^cation  of  nossle  pres¬ 
sure  profile.  The  material  order  was  released  during  this  report 
period. 


(U)  Manifolding.  The  design  and  analysis  of  a  balanced  fuel  distribution 
system  has  been  completed  in  this  report  period.  A  constant  area 
manifold  with  a  maximum  flow  variation  of  less  than  1.0  percent  at  the 
rated  flow  conditions  has  been  selected  for  the  fuel  inlet  to  the  inner 
wall  tubes  utilizing  two  inlets.  Equal  distribution  from  the  inlets  to  the 
manifold  is  achieved  through  the  use  of  tees  incorporating  flow  splitters 
and  directional  vaties,  as  shown  in  figure  89.  Fuel  flow  from  a  single 
facility  interface  to  the  fuel  manifold  is  accomplished  through  the  use 
of  a  symmetrical  '‘Y"  duct  assembly  using  spacer  Naflex  seals  at  the 
manifold  inlets. 


(C)  Finalization  of  the  fuel  circuit  from  the  aft  end  of  the  outer  wall 
tube  to  the  injector  fuel  manifold  tee  also  effected  during  this  report 
period.  Fuel  flow  from  the  tubes  is  evenly  discharged  to  a  collector 
manifold  which  is  incorporated  in  the  outer  wall  structure  (figure  90). 
Fuel  flow  from  the  manifold  is  then  carried  by  20  equally  spaced  fuel 
transfer  ducts  to  the  iqjector  inlet  tees.  That  portion  of  the  fuel  which 
is  bypassed  returns  to  the  facility  via  the  fuel  distribution  manifold 
which  is  used  for  the  inlet  on  the  solid -wall,  film -cooled  thrust  chamber. 
The  fuel  system  schematic  is  shown  in  figure  91. 

(U)  Base  Closure.  Design  of  the  base  closure  and  secondary  flow  gas 
generator  system  for  tlie  tubular  chamber  inner  wall  assembly  has  been 
completed  during  this  report  period. 
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(U)  The  centerbody  is  a  welded  assembly  of  347  CRES.  Its  geometry 
is  that  of  an  oblique  cone  truncated  at  its  forward  end  parallel  to  its 
base.  The  base  clo£,ure  is  a  prepunched  flat  metal  sheet  (a  perforated 
plate),  welded  to  the  centerbody  cone.  An  omega  joint,  having  an 
external  flange,  encircles  and  is  welded  to  the  OD  of  the  base  closure. 
The  base  closure  is  bolted  to  the  nozzle  at  the  base  flange.  A  Viton-A 
0-ring  provides  sealing  between  the  centerbody  and  the  nozzle.  The 
omega  joint  absorbs  thermal  deflections  between  the  centerbody  and 
nozzle.  The  centerbody  functions  as  a  closeout  to  the  engine  nozzle 
and  transmits  backpressure  thrust  in  the  base  region  to  the  engine 
structure. 

(C)  A  J-2  gas  generator  (P/N  308360)  provides  secondary  gas  flow 
to  the  center  body.  Gas  generator  provisions  include  the  gas  generator 
valve  assembly,  two  blead  valves  on  the  gas  generator  valve  assembly, 
a  "T"  adapter  that  incorporates  a  hof-gas  bypass  pert,  and  a  boss  for 
GN^  purge.  The  gas  generator  capability  has  been  increased  from  8 
Ib/sec  (approximately)  to  11  Ib/sec  (approximately)  at  1200F  and  800 
psia  P  .  The  gas  generator  can  be  throttled  to  4  Ib/sec  (approximately). 
A  Iwer  secondary  flowrate  can  be  achieved  through  use  of  a  bypass. 

(U)  The  gas  generator  bolts  to  the  forward  flange  of  the  centerbody, 
and  Naflex  groove  seals  are  used  to  seal  joints  between  gas  generator, 
bypass  assembly,  and  the  centerbody.  Gas  generator  gas  flows  int-^  a 
tubular  well  inside  the  centerbody.  The  tube  is  welded  to  the  center - 
body  at  the  inlet  flange  and  extends  aft  to  near  the  base  of  the  center - 
body.  Orifice  holes  perforate  the  walls  of  the  tube  over  most  of  its 
length.  The  holes  control  and  diffuse  the  gas  flow  into  the  plenum 
chamber.  To  allow  for  reducing  the  orificing  area,  provision  is  mad 
for  bolting  a  close-fitting  concentric  sleeve,  of  selected  length,  to  the 
end  of  the  tubular  well.  A  plate  bolted  to  the  centerbody  base  plate 
provides  access  to  the  sleeve  and  tubular  well. 

(U)  Release  for  fabrication  of  the  base  closure  assembly  will  be 
effected  during  the  next  report  period. 

(3)  250K  Experimental  Injector 

(C)  The  injector  design  is  basically  a  cne-piece,  stainless -steel 
annular  welded  assembly  consisting  of  the  injector  body,  the  fuel,  the 
LOX,  and  the  hot-gas  manifold  system.  The  operation  of  the  injector 
was  described  in  the  first  quarterly.  During  this  quarter,  design  of 
the  baffles,  selection  of  the  first  injector  strip  configuration,  and 
definition  of  the  hot-gas  and  hypergoMc  ignition  systems  have  been 
emphasized. 
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(C)  Hot-Gaa  Ignitian  and  Tapoff  Circuit.  Th ;;  hot-gas  system  is  aa 
integral  part  ot  the  injector  assembly.  It  consists  of  a  uniform  cross 
section  toroid  located  inboard  and  forward  of  the  inner  injector  flange. 
Forty  transfer  lines  welded  to  th?  inner  injector  Hange  connect  the 
manifold  to  passages  in  the  injector  body,  svipport  the  manifold,  and 
provide  for  thermal  deflection.  Each  passage  in  tne  injector  body, 
from  the  transfer  Hne  to  the  baffle  at  the  injector  face,  is  lined  with 
insulating  sleeves  io  reduce  heat  transfer  into  the  body  in  areas  adja¬ 
cent  to  cryogenic  passages.  T5ie  baffles  have  one  con  on  passage 
and  four  ports,  two  per  side,  that  open  into  the  cotrV.v  jn  chamber. 
Ignition  flows  in  from  the  manifold  to  the  combusti^.,  t.aamber;  hot -gas 
tapoff  gases  flow  from  the  combustion  chamber  to  the  manifold. 

(C)  Baffles.  Two  OFHC  electrofor."ed  baffle  designs  are  released, 
one  design  with  hot -gas  tapoff  ports  and  one  without  ports.  Each  design 
has  a  347  GRES  core  with  an  electroform e^^  OFHC  copper  jacket.  The 
jacket  has  passages  for  regenerative  fuel  coolant  flow.  Twenty -nine 
GRES  cores  have  been  machined  and  sent  for  electroforming. 

(U)  One  furnace -brazed  baffle  design  has  been  released.  The  furnace- 
brazed  design  consists  of  an  OFHC  copper  jacket,  drilled,  formed, 
and  furnace  brazed  to  a  347  GRES  core.  This  design  has  provision 
for  hot-gas  ports. 

(C)  injector  Strips.  The  machined  strip  design  (backup  for  the  coined 


/)  Jnje 
isign) 


design)  has  been  released.  The  design  pattCTn  is  a  basic  triplet 
pattern,  described  in  a  later  section  of  this  report. 


fr' 


)  Ignition  Systems.  For  the  solid-v/all  chamber,  provision  is  made 
or  both-hypergolic  (chlorine-trifluoride)  and  hot-gas  ignition  (fuel- 
rich  gases).  The  hot-gas  ignition  is  being  evaluated  in  an  in-house 
program,  Tho  results  of  this  program  show  that  satisfactory  ignition 
can  be^  achieved  with  nominal  mixutre  ratio  of  1:1  hot  gases  if  the 
thrust  chamber  mixture  ratio  is  above  the  theoretical  limit  of  1:1.  The 
hypsrgolic  system  is  described  in  detail  here. 

(C)  A  study  was  made  of  existing  CiF^  systems,  and  an  analysis  was 
made  of  four  manifold  designs.  The  design  selected  (see  First 
C  ’arterly  Progress  Report),  with  some  modification,  was  found  to  best 
suit  the  engine  from  a  volume  and  ignition  delay  standpoint. 

(C>  Each  of  the  40  combustion  compartments  contains  one  igniter 
tube.  The  tube,  which  passes  through  the  fuel  manifold  and  terminates 
at  a  recessed  position  0.1  Z5  inch  behind  the  face  of  the  fuel  strip,  is 
formed  on  the  outlet  end  and  indexed  such  that  the  GiF^  forms  a  fan 
which  spray'^  parallel  to  ^he  chamber  walls.  This  fan  direction  pre¬ 
vents  the  GiF3  from  impinging  on  the  walls  of  the  chamber  (figure  92). 


197 


CONFIDENTIAL 


’'M  jiiM'-Jta' 


.  .rtf.  S..w«*.yv--W-:.a'v •  *1'  ivfc,,  ••  .vW-vjaf?^ 


III 

a'  .a;  / 


rositsoi.  TTJM 


-  nn;:L 


QTT  SPRAY  PATTEHK 


Figure  92.  Hypergol  Tube 


CONFIDENTIAL 


,,,-,,,.,.y,jf  ,.^^.;^v  ■  .vfflftrrT'i»«*“'i'iii"T  ■«ii«w<Miii » ■ 


(C)  The  manifold  roneiats  of  five  major  welded  components.  A  S:ypical 
quadrant  (figure  93)  consists  of  (1)  a  welded  assembly  contaming  ten 
feed  tubes,  two  secondary  plenums,  and  a  splitter  tub^,  aisd  (2)  a 
transfer  tube  which  is  part  of  a  second  welded  aseemhlyr  consisting 
of  four  transfer  tubes,  one  primary  plenum,  and  S:  supply  t^e. 

(U)  The  CfF3  system  is  pressuriaed  by  GOX  tapped  of^  Irosos  the  high- 
pressure  LCX  system.  Following  expulsion  cf  the  CiF3,  the  manifoM 
continues  to  flow  LOX,  providing  a  purge  condition,  sustained  ignition, 
and  cooling  for  the  tube  at  the  injector  face. 

(C)  Tapoff  Manifold.  The  hot-gas  tapoff  manifold  assembly  consists 
of  a  toroidal'  collee tor  ring  of  constant  area  cross  setctibn,  one 
outlet  riser  to  facility  ducting,  a  separate  interconnect  tube  for 
each  of  the  40  corabuation  chiunbsr  compartments,  and  AKB 
bosses  for  temperature  and  pressure  taps.  All  xnatenai  is  347  CrJ^S 
except  the  flanged  outlet  to  facility  ducting.  The  flange  is  a  Grayish 
weld-neck  flange  (316  CRJES). 

(U)  Interconnect  tubes  are  welded  to  the  tapoff  ports  on  the  112  csf 
injector  flanges.  Flow  into  and  out  of  the  manifold  is  at  90  degrees  co 
the  flow  in  the  collector  ring. 

(C)  Oxidizer  Mamfold  Studies.  The  oxidizer  manifold  dovelspmeni 
effort  for  the  thrust  chamber  is  being  carried  out  and  reported 
under  NASA  Contract  NAS8-2Q349.  The  manifc>M  evaluation  is  identical 
to  the  LOX  manifold  being  fabricated  for  the  2ii0i?  injector.  The  uni* 
is  shown  in  figure  94  undergoing  full-fiow  tests. 

(U)  Z50K  Thrust  St^cture.  The  de»ign  of  the  250K  thrust  mount 
assembly  has  been  finali-^ed  and  the  stress  analysis  completed 
(figure  86)  in  this  report  period. 

(U)  The  final  design  consists  of  eight  equally  spaced  struts  rcidiatin^ 
out  and  aft  from  a  center  gimbai  mounting  plate  (designed  to  accept  a 
standard  J-2  gimbal  bearing)  to  vertical  gussets  which  attach  to  mould¬ 
ing  brackets  ^da  pinned  clevis  joints.  The  mounting  brackets  contain 
a  close  tolerance  shear  tang  which  mates  with  a  groove  on  the  inside 
diameter  of  the  inner  wall  cf  the  thrust  chamber.  The  bracKets  are 
attached  to  the  chamber  wail  with  bolts. 

(U)  Additional  struts,  two  from  alternate  vertical  gussets,  coanect 
at  a  point  above  the  intermediate  guss-st  to  provide  stabilizer  attach 
points  at  a  height  above  the  thrust  chamber  to  meet  faeixiiy  requiremente. 
Extension  of  the  vertical  gussets  at  tho  gimbal  mounting  plate  provide 
attach  points  for  primary  load  cell  calibration. 
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(U)  The  aeeembly  will  be  a  welded  fabricatimi  of  4340  steel  plate  and 
4135  steel  tubing  heat  treated  to  the  required  strength  level. 

c.  Problem  Areas  and  Soluticms- -Manufacturing 

(U)  During  this  report  period,  three  naanufacturinK  pcrtdtlems  were 
satisfactorily  resolved.  The  boring  of  the  horia-outal  feed  holes  in  tibe 
injector  assemblies  was  accomplished  by  adapting  the  Quackenbuah 
drilling  units  by  building  jigs  to  mount  the  units  to  the  injector  body 
itself. 

Problems  encountered  in  forming  of  the  tube  assemblies  were  resolved 
by  adapting  the  tube  forming  dies  to  another  press  and  applying  30.000 
psi  during  the  forming  operation. 

The  successful  broaching  of  a  test  specinnen  during  the  reporting 
period  demonstrated  that  the  proposed  method  h  .d  resolved  the  problem 
of  forming  the  grooves  in  the  injector  body  assembly. 

d.  Testing 

(I)  Test  Facilities 

(U)  Facility  Feed  System  Dynamics,  A  mathematical  model  including 
oxidizer  facility  feedlines,  thrust  chamber  feed  systems,  and  combust¬ 
ion  chamber  dynamics  was  formulated  for  the  analysis  of  chug  mcdes 
of  instability  should  they  occur  on  250K  testing.  Since  the  gaseous 
hydrogen  has  negligible  dynamics  in  the  range  of  frequencies  where 
chug  might  occur,  the  facility  fuel  feed  system  was  excluded  from 
consideration. 

(U)  The  complete  chug  model  was  developed  in  three  steps:  (1)  the 
oxidizer  facility  lines  were  modeled  and  resonant  frequencies  deter¬ 
mined,  (2)  the  thrust  chamber  oxidizer  manifold,  feed  legs,  and  injec¬ 
tion  passages  were  added  to  obtain  the  total  oxidizer  feed  system 
response,  and  (3)  the  combustion  process  was  added  together  with  a 
hydrogen  flow  description  through  the  injector.  A  block  diagram 
r^'oresentation  of  the  total  chug  model  is  shown  in  figure  95. 

(U)  The  facility  oxidizer  feed  system  at  NFL-D2  consists  of  48  inches 
of  8-inch-diameter  line,  47'  Inches  of  6 -inch -diameter  line  and  two 
facility  Annin  valves. 
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(U)  The  dy  naunic  behavior  of  the  facility  line  waa  detfrmined  uaing  a 
digital  computer  freqaeucy  reaponae  routine  when  pintMure 
tioa  waa  intro  ^^uced  ^  the  down  atr earn  end  of  tU#  ^ae.  The  preaaure 
and  flowrate  railoa  along  the  line  to  die  inpht  parturbetimi*  preMmted 
in  terma  of  both  magnitude  and  phaae  aa  ^nctiona  of  free[aeney»  U^e 
indicative  of  the  line  dynamic  a. 

(y)  A  nominal  oxidizer  flowrate  of  47S  Ib/eec,  eorrei^onding  feo  a  throat 
level  of  25dK,  was  fir  at  evaluated.  Both  preaaurea  and  flowratea 
within  the  facility  line  exhibited  reaonances  at  40,  80,  120>  and  7S0  cpa 
with  the  highest  peaJk  gain  at  80  cpa. 

(U)  The  o.^idizer  facility  line  description  was  dten  modified  to  include 
the  assumed  length  of  line  necessary  to  connect  Ce  existing  facility 
feed  system  to  the  thrust  chamber  oxidizer  inlet  flange..  Each  flowrate 
condition  was  re-run  without  any  atlendant  change  in  resonant  frequency 
or  gain  magnitudes. 

(U)  The  oxidizer  feed  system  description  was  extended  to  include  the 
thrust  chamber  assembly.  The  plenum  and  dii^ser  sections  were 
treated  as  a  single  volume  and  represented  by  a  lumped  description  of 
the  comnliance.  The  four  feed  legs  were  assumed  to  act  as  parallel 
flow  paths  and,  as  such,  were  represented  by  a  single,  one -dimensional 
wave  equation  for  a  line  of  the  equivalent  cross-sectional  area 
length.  A  lumped  compliance  description  of  the  torus  manifold  also 
was  employed.  An  equivalent  "work  representative  of  the  injector 
resulted  in  lumped  values  of  inertance  and  resititjtnee  for  the  feed 
passages, 

(Ui  The  describing  equations  lor  the  thrust  chamber  LOX  feed  svstem 
were  coupled  to  the  previously  derived  farility  line  representation. 

Again,  the  digital  frequency  response  routine  was  used  to  determine 
the  dynamic  behavior  of  the  total  oxidizer  system.  In  this  instance, 
the  input  perturbation  was  introduced  chamber  pressure.  At  the 
nominal  250K  LOX  flowrate,  resonant  peaks  in  torus  manifold  pressure 
were  observed  at  160  and  360  cps.  Facility  line  pressures  also 
reflected  a  pcJk  at  240  cps.  Significantly,  pressure  response  upstream 
of  fiie  four  legs  indicated  that  frequencies  above  506  cps  were  not 
transmitted  and  the  feedline  was  essentially  decoupled  fiom  the  chanuer 
at  high  frequencies. 

(0)  Completion  of  an  ADP  thrust  chamber  '*chug'’  model  rcquiied  the 
addition  of  the  hydrogr  ,  injector  dynamics  and  the  chambar  gas-side 
dynamics  to  the  LOX  feed  system  des<'ription.  Again,  breause  of  the 
presence  of  gaseous  hydrogen  prior  to  injectiem  into  the  chamber,  fuel 
injection  pressure  waa  assumed  to  be  constant.  A  linear  equation  was 
used  to  describe  fuel  injector  flowrate. 


(U)  The  combaction  procese  w»ii  analytically  represented  by  time- 
del!*yed  injector  ficmratee.  The  time  conrtants  for  die  delaya  were 
determined  by  considering  the  flight  time-to-impingement  at  injection 
velocities  plna  a  time  interval  for  ga«  genecation  to  occify:.  The  tqdal 
delay  repreeemed  approsaimately  d>*  time  rei|uired  fpr  eacit  pr^eUag^ 
atream  to  tvavel  twice  the  impingement  diatanc*  i^e^Hon  velocity^ 

(U^  Fuel  and  combustion  dynamics  were  dien  coimled  to  the  description 
of  th«  oxidieer  feed  system  to  ecnnpute  the  "chug"  model.  The  block 
diagraur'  of  tihe  chug  model  is  illustrated  in  figure  9S.  A  chamber 
pressure  perturbatioi.  was  introduced  again  and  the  digital  frequency 
response  routine  emplcved  to  determine  dynamic  behavior.  For  the 
case  of  the  computed  model,  however,  the  frequency  re ^anse  provides 
more  information  than  merely  to  identify  resonances  withm  the  model 
components.  By  considering  the  model  open  loop  {i.e. ,  not  permitting 
chamber  pressure  to  feed  back  to  the  feed  system),  the  Bode  stability 
criterion  may  be  employed  to  determine  if  chug  will  be  encountered. 
Stated  briefly,  the  B<>de  criterion  requires  that  for  a  sinusoidal  input, 
the  open  loop  gain,  Z/St^P^,  must  be  less  d&an  unity  at  the  point  of  180 
degree  phase  shift  for  the  system  to  be  stable. 

^U)  The  two  ADP  performance  extremes  (5QK  and  ZSOK)  were  evalu?itftd 
using  the  chug  modeL  At  250K,  the  Z/A]^  phace  rado  ntdver  reaches 
180  degree  shift  although  gain  is  greater  than  tmity  at  severa"*  frequen¬ 
cies?.  The  thrust  chamber  should,  therefore,  not  experience  a  chug 
mod::  at  250K  thrust. 

(U)  For  the  50K  performance  level,  180  degree  phase  shift  does  occur 
at  240  to  250  epa,  indicating  that  at  the  lower  thrust  levtil  a  chug  mode 
may  be  experienced  and  facility  decoupling  provisions  may  be  necessary. 
The  developed  model  also  wil^  be  of  i?se  to  the  selection  of  any 
necessary  facility  revisions, 

(U)  Infitriimentation  Box  Identification  System.  A  system  to  identify 
all  iastrumentatioxTriaps  on  the  2^6jR  chamber^ has  been  deviseu  so  that 
the  taps  are  fully  described  by  the  tap  number.  No  cross  reference 
is  necessary  to  determine  tap  location,  'T^uid  madia,  or  tap  type.  The 
system  is  described  in  Appendix  D.  The  ictal  chamber  instrumentation 
pro'/isiou8  are  listed  xa  Table  28, 
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e.  Summary  of  Planned  Effort  for  Next  Report  Period 

(U)  Duriiq;  the  next  reporting  period,  the  electroformed  bafflee  for  the 
first  two  injectors  will  be  received  from  the  electroforming  source. 
Only  one  set  (40  each)  will  have  hot  gas  tapoff  ports.  The  coffer 
injector  strips  will  be  machined  aiMi  the  orifice  holes  drilled  to  support 
brazing  of  injector  units  No.  1  and  No.  2. 

(U)  The  first  injector  in.  completion  (through  calibration) 

11  November  1966.  This  \init  will  be  assembled  with  the  inner  and 
outer  solid -wall  bodiec:  thrust  motint,  base  closure,  and  associated 
manifolding  and  ducting,  and  the  total  assembly  will  be  ready  for 
delivery  to  the  test  facility  on  18  November  1966. 


T..3LE  28 

250K  CHAMBER  INSTRUMENTATION  PROVISIONS 


Tap  Location 

Number  of  Taps 

Common  (SWTC  and  TWTC) 

Static  Pressure 

Dynamic 

Temperature 

Injector-Chamber  Pressure 

6 

Fuel  Injection  Manifold 

5 

5 

4 

LOX  Manifold 

12 

10 

7 

LOX  Line 

4 

5 

3 

Hot -Gas  Tapoff 

1 

8 

ASI 

4 

2 

30UD  WALL  CHAldBER 

Combustion  Chamber 

7 

7 

4 

Nozzle  Profile 

19 

5 

Base  Closure 

5 

3 

Fuel  Inlet  Manifold 

2 

TUBE -WALL  CHAMBER 

Fuel  Inlet  Manifold 

7 

3 

2 

F  Up-tube  Manifold 

_ _ _ 1 

2 

_  _ 

2 
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250K  CHAMBER  INSTRUMENTATION  PROVISIONS  ( Concluded) 


Tap  Location 

Number  of  Taps 

Static  Pressure 

Dynamic 

Temperature 

tube -WALL  CHAMBER 

(cont) 

Fuel  Down-tube  Inlet  Manifold 

4 

2 

4 

Fuel  Down -tube  Outlet  Manifolc 

4 

4 

4 

Fuel  Transfer  Tubes 

4 

4 

4 

Center  Bodv  Plenum 

9 

2 

Uncooled  Nozzle  Extension 

4 

Gas  Generator 

4 

1 

(U)  The  forming  and  calibration  of  the  tubes  for  the  inner  and  outer 
tube  wall  body  assemblies  of  Unit  No.  1  will  b"  completed.  These 
tubes  will  be  stacked  into  the  bodies  and  the  brazing  of  the  units  will  be 
in  process. 

(U)  A  complete  testing  program  plan  for  the  solid -wall  chamber  will  be 
prepared  early  in  the  next  quarter.  This  plan  will  include  test  by  test 
descnptjon  objectives,  instrumentat’  .  requirements,  and  starting  and 
■’hutdown  procedures. 
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4.  SEGMENT  STRUCTURAL  EVALUATION 

(U)  The  20K  segment  chamber  is  being  designed,  manufactured,  and 
tested  to  provide  advanced  structural  and  fabrication  data  for  a  light¬ 
weight  iemonstrator  module  chamber  design.  Complete  structural 
simulation  of  a  360-degree  annular  combustion  chamber  cannot  be 
obtained  with  a  model  chamber  segment.  The  ability  of  the  structure  to 
maintain  throat  dimensions  throughout  the  operating  range  and  with 
repeated  firings  wUl  be  simulated  very  closely.  Also,  construction  of 
the  demonstrator  module  structural  members  and  regenerative  cooling 
of  all  structural  parts  will  be  closely  simulated.  The  effects  of  dif¬ 
ferences  between  the  20K  segment  and  demonstrator  module  will  be 
analytically  determined  and  used  to  interpret  the  test  results. 

a.  Status 

(U)  The  design  requirement  specification  lor  the  20X  demonstrator 
module  chamber  segment  was  completed  and  issued. 

(U)  Salient  design  features  presently  established  for  the  20K  demon¬ 
strator  module  chamber  segment  are: 

1.  A  straight  cha.nber  length  including  three  combustion  zone 
compartments,  the  center  c  mpartment  duplicating  a  ^.om- 
partment  of  the  demonstrator  moaule  chamber 

2.  Internal  tie  bolts  housed  within  the  combustion  zone  baffles 

3.  A  symmetr'cal  combustion  chamber,  onvergent  nozzle,  throat 
and  expansion  nozzle  with  a  divergent  half-angle  of  15  degrees 
vO  an  area  rati"'  of  3.5 

4.  A  machined  titanium  backup  structure  adhesively  bonded  to  the 
regenerati  ely  cooled  tube  bundle 

5.  Temperature,  structural,  and  high-frequency  pressure 
instrumentation 

(U)  The  design  of  the  20K  demonstrator  module  segment  .has  pro¬ 
g-cessed  to  the  final  layout  stage  Xor  both  the  injector  and  chamber 
assembly 

b.  Progress  Durina  the  Report  Period 

(C)  Design  analyses  involving  structural  concept,  material,  -.'oolant 
circuitry  S’"!  .fabrication  technique  for  a  lightweight  demonstrator 


module  chamber  (see  Demonstrator  Module  section)  has  precipitated 
several  major  design  criteria  for  the  20K  segment  chamber.  The 
structure  is  composed  of  machined  titanium  adhesively  bonded  to  the 
regenerativeiy  cooled  tube  bundle. 

(U)  An  internal  structural  confi^nrc.tion  utilizing  equally  spaced 
structural  baif!.e6,  each  contadnir  g  wc  boua,  will  carry  loads  across 
the  chamber. 

(C)  Nickel  200  was  selected  as  !he  material  for  the  regenerativeiy 
cooled  chamber  tubes  because  of  its  "life”  properties  at  the  predicted 
hot-firing  conditions.  Tooling  for  the  fabrication  of  the  20K  segment 
tubes  will  be  common  with  that  used  on  the  2.5K  segment  program. 

A  series  cirr.uit  similar  to  that  of  the -demonstrator  module  was 
selected  to  c  ool  the  "inner"  body,  structural  baffle,  and  "outer"  body, 
respectively. 

c.  Problem  Areas  and  Soxutions 

(U)  The  initial  results  of  a  demonstrator  module  chamber  design  study 
involving  the  two  prime  internal  structural  arrangements,  i,  e.,  a 
single  row  of  80  support  struts  and  40  separate  combustion  baffles  vs 
40  structural  baffler  each  containing  Z  bolts,  indicated  the  80-strut 
concept  to  be  appreciably  lighter  than  the  40-structural  baffle  concept. 
Based  on  this  input,  the  20K  demonstrator  module  segment  chamber 
design  was  initiated.  Subsequent  refinement  of  this  configuration 
eliminated  the  apparent  weight  advantage  of  the  80-strut  configuration. 
A  reappraisal  of  the  two  structural  configurations  resulted  in  the  20K 
design  being  changed  to  the  concept  of  baffles  with  internal  bolts.  This 
has  resulted  in  a  schedule  slippage;  however,  the  orders  for  long  lead 
items  have  been  placed  and  thi-,  tc^.k  can  be  brought  back  on  schedule 
ly  an  accelerated  design  effort. 

d.  Summary  of  Planned  Eifort  for  Next  Report  Period 

(U)  Effort  during  the  next  report  period  wii;  be  directed  toward  the 
following  goals: 

1.  Release  of  the  tube  design  for  fabrication 

2.  Completion  of  the  final  chamber  layout  preparatory  to  a 
critical  design  review 

3.  Detailing  and  release  of  all  long-lead  chamber  body  com¬ 
ponents  for  fab'-ication 

4.  Completion  of  injector  assembly  layout  and  release  cf  the 
body  for  fabrication 

5.  Release  of  a  preliminary  hot -firing  test  requirements  memo 
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(C)  CONCLUSIONS  AND  RECOMMSNDATtONS 


1.  Experitts^ca  of  ovar  100  taata  has  ahown  that  the  2.5K  aolid- 
wall,  coolad  aagmaht  providaa  an  affactiva  and  low-cdft  maans 
of  evaluating  aarospika  thruat  chamber  injactcra. 

2.  2.5K  aegmant  tast  raaulta  hava  ahown  that  tha  triplet  injector 
pattern  aelected  for  tha  250K  injector  ia  atable  over  the 
operating  range  throttled  to  20  percent  rated  thrust  and  5  to 
7:1  mixture  ratio.  These  tests  showed  further  that  injector 
durability  and  chamber  wall  heat  transfer  a*e  satisfactory 
for  250K  experimental  tests. 

3.  Performance  testing  of  the  triplet  injector  pattern  in  the  2.5K 
segment  has  shown  that  this  injector  delivers  a  combustion 
(c*)  efficiency  greater  than  that  necessary  to  meet  the  overall 
specific  impulse  requirements  for  the  engine  over  the 
operating  range. 

4.  From  analytical  studies,  laboratory  materials  fatigue  tests, 
brazing  tests,  tube  tester  simulation  tests,  and  general  hot- 
fire  experience,  it  is  concluded  that  Nickel  200  is  superior 
to  stainless  steel  and  pure  (OFHC)  copper  as  an  ADP  demon¬ 
strator  module  thrust  chamber  tube  material.  However, 
beryllium-copper  shows  great  long-range  promise  as  a 
superior  material  to  nickel  when  available  in  tube  form. 
Hot-firing  evaluation  in  the  exact  ADP  aerospike  configuration 
is  needed  to  confirm  this  and  provide  information  on  limits. 
Stainless  steel  will  not  meet  Ae  life  requirements  of  the  AJ)P, 

5.  From  dynamic  and  static  models  and  design  studies,  it  is 
concluded  that  throttling  and  mixture  control  of  the  aerospike 
engine  can  best  be  accomplished  by  two  hot-gas  throttle  valves 
in  the  turbine  supply.  Simplicity  and  reliability,  dynai.tic 
response,  static  balance  effects  on  the  system  and  other 
components,  performance,  and  wei^^ht  were  heavy  considera¬ 
tions  in  this  conclusion.  The  aerospike  engine  will  operate 
satisfactorily  as  a  demonstrator  engine  with  either  open  loop 
or  closed  loop  modes  of  control  to  these  valves. 

6.  A  design  study  was  made  of  thi  net  fuel  tiirbopump  a  -  ig'i- 
ments  to  meet  the  ADP  aeronpike  How  and  he. id  requlremtuts. 
The  conclusion  is  that  a  two-stage  centrifugal  pump 


I 


meets  requirements  for  &  dem '>n*tr&tor  enjiino*  wHiSli  tlks 
Phase  n  demonstration  to  he  eonducto^  in  mid 
Development  cost  and  perfornamce  nutrsi  i  wf  re 
factors  in  reaching  thia  conclusion. 

From  design  study  of  lightweight  thrust  chamber  atroetures, 
it  was  concluded  that  a  machined  titanium  hachtq^  ftroqture 
adhesively  bonded  to  the  brased  cooling  jachet-madMe^ 
assembly  is  the  best  design  for  the  demonstrator  rKsadule 
thrust  chamber  with  the  Phase  II  demonstration  to  be  con¬ 
ducted  in  mid  1969.  The  major  tradeoff  in  this  selection 
was  between  (1)  weight  and  (2)  development  costs,  schedule, 
and  confidence. 
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Dm^mumATim  Amy  AIMS  V 

coxFnciEMTS  uosc  VH  tmmst 

(U)  Thrust  chaxnbwr  purlormaaicft  U  cal^s^tlutMl  ^ 

thuoruticul  thsrmaliimKnic  |^reif»hll»^  furformihe** 

tiksoratical  p%T{ormmcm  is  esieulutid  M^sei  lo  Mmv^  iiNilaa^l^oliif 

1.  Thermodynamic  equilibrium  is  reached  in  die  condni^on 
chamber  after  adlabatie  reaction. 

2.  Expansion  through  the  nozzle  is  isentropic. 

3.  Products  of  combustion  behave  as  ideal  gases. 

4.  The  eiqpans'on  process  involves  the  one>dimensional  flow  of 
inviscid  gases. 

5.  Gas  velocity  at  the  nozzle  entrance  is  zero. 

6.  Propellants  are  chemically  pure. 

7.  Initial  temperature  for  the  oxidizer  is  the  boiling  point  at 

1  atmosphere  pressure  and  for  the  fuel  is  room  temperature 
(70  F). 

(U)  Since  the  real  thrust  chamber  does  not  operate  under  such 
idealized  conditions,  the  real  thrust  chaunber  data  cannot  be  directly 
compared  with  theoretical  thermodynamic  performance.  Therefore, 
it  follows  that  either  the  test  data  must  be  adjusted  to  the  same 
reference  base  as  the  theoretical  vadues  or  the  theoretical  calculations 
must  be  made  so  that  the  effect  of  finite  contraction  ratio,  friction, 
heat  transfer,  nozzle  throat  are.'  change  duo  to  thermal  effects, 
nozzle  divergence,  and  deviation  from  one-dimensional  flow  are 
properly  ta^en  into  account.  The  former  procedure  is  used  in  the 
reduction  of  ADP  thrust  chamber  test  da^a. 


STAGNATION  PRESSURE  LOSS 

(U)  Measured  static  pressure  is  adjusted  for  stagnation  pressure  lv.^s 
by  application  of  a  function  dependent  on  contraction  ratio,  specific 
heat  ratio,  and  nozzle  entrance  Mach  number. 
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(Vl  A  kfOtte^sy-Uyt V  aaAlyti*  it  nttd  to  tiio  fdci^  fricl^ 
coilficitnt  from  Xrieti<»9«l  drti^ictmo  it  «sma|Hilt4k  fM 

iotogrol  m<mi«atum  bottadm^loyor  cmsidi^  oonj^mtetl^ 
Rockttdyne  ikia  f rictfoo  cor roXotioa  (Rif.  1  h  wtt  ti«ti4  to  tvai^ 
tho  frieticmti  dreg.  ^  Tho  friction  influoinco  coefficiont  in  givOti  lyt 


tl^  «  F(#.  6,  U.  u.  k. 
=  1,0135 


(U)  The  dependence  of  *1^  on  chamber  pretaure  and  mixture  ratio  is 
shown  in  figure  A*l. 


HEAT  TRANSFER 

(U)  In  a  water-cooled  thrust  chamber,  the  heat  transferred  to  the 
coolant  water  is  lost  and  not  available  for  conversion  to  directed 
velocity.  This  heat  loss  results  in  a  reduction  of  combustiem  gas 
temperature  and,  consequently,  the  delivered  performance  is  less  than 
the  ideal  thermodynamic  performance.  The  influence  of  heat  loss  on 
performance  w?>s  calculated  by  using  a  modified  theoretical  thermo¬ 
dynamic  propellant  performance  program  that  accounts  for  heat 
transfer  in  the  energy  balance.  A  heat  flux  profile  typical  of  the 
experimentally  determined  heat  flux  profile  was  employed.  The 
performance  calculations  with  heat  loss  are  matde  incrementally  so 
that  the  effect  of  spatially  distributed  heat  tra^tsfer  on  the  flow  held 
properties  is  calculated  and,  thereby,  the  effect  of  heat  loss  on 
performance  is  calculated.  These  heat  loss  influence  coefficients  are: 


(c»)  =  r  <Q/A,  *  ,  T^,  T,,  H,) 

H*  Li, 


and 


V  L.  =  1.007  8 


\  L.  <*■>  =  ^  w,  T  ,  T,.  H,) 


H.  L.  =  1.0095 


(4, 

(5) 

(6) 
(7) 
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MIXTURE  RATIO 

Figure  A-l*  Influence  Coefficient  to  Accoiuit  for  Effect 
or  Frictional  Drag  on  Thrust 
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P  -  1500  PSIA 


{Ui  The  variation  of  h.L,  (c*)  and  j|  (F)  with  reflect  to  cltignher 
pressuTe  and  mixture  ratio  ia  shown  in  /igiire  A>2  and  A>3. 


WZZLE  THROAT  AREA  CHANGE 

(U)  Nozzle  threat  area  during  a  tesi  is  different  from  the  nozzle  throat 
area  before  or  after  a  test.  During  a  test,  there  are  pressure  loads 
aciing  0.1  the  internal  nozzle  surface  upon  which  thermal  effects  due  tc 
the  increased  wall  temperature  (as  the  remit  of  heat  flux)  are 
superimposed.  In  the  2.5K  ADP  water-cooled  thrust  chamber,  the 
hardware  is  sufficiently  massive  so  that  the  effect  of  internal  pressure 
loads  is  negligibly  small  compared  to  the  thermatl  effects.  Due  to  the 
heat  flux,  the  nozzle  throat  area  is  less  than  in  the  cool  pretest 
condition.  The  influence  coefficient  for  nozzle  throat  area  change  due 
to  thermal  effects  is: 


^TH  ^  ^ *TH^ 


(8) 


Tf  (At)  =  0.9830  (9) 

TH 

(U)  The  value  given  in  Eq.  9  is  based  on  past  experience  and  will  be 
replaced  as  soon  as  the  analysis  of  thermal  effects  on  throat  area  is 
completed. 


NOZZLE  DIVERGENCE 

(U)  Nozzle  di\  crger.ee  losses  were  evaluated  by  comparing  two- 
dimensional  axisymir.ftric  thrust  coefficient  with  the  ideal  one- 
dir.ensional  nozzle  thrust  coefficient.  The  two-dimensional  nozzle 
thrust  coefficient  was  computed  by  a  method  of  characteristics 
analysis  which  utilizes  variable  flow  field  properties  and  .he  internal 
r  ntour  of  the  nozzle  used  on  the  thrust  chamber,  it  is  clear  that 


ACp  =  Cj.  (l-D)  -  Cp  (2-D)  (10) 

and 

ACp  =  AF  (11) 

so  that 

^ P)jV  “  ^ (12) 
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Influence  Coefficient  for  Voriation  in  Specific 
Impulse  Due  to  Heat  Loss 
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(U)  Nozzls  divergence  loss  dependence  on  chamber  pressure  and 
mixture  ratio  is  shown  in  figure  A-4. 


NON  ONE-INMENSIONAL  FLOW 

(U)  In  the  linearized  theor  ;  of  transonic  flow,  the  mass  flow  crossing 
the  throat  section  is  always  fauna  to  be  less  than  tr critical  flow 
corresponding  to  one-dimensicnal  conditions.  The  rat'o  cf  the  two- 
dimensional  mass  flow  to  the  one-dimensionai  mass  flow  ic  the  nozzle 
discharge  c  '  'fficient.  The  nozzle  diseb^-rge  influence  coefficient  is: 

hen  ^  iK  R(.>  \)  (13) 

TCD  "  0.'197 

(U)  Titese  iaiu.ence  :oafi'icients  and  the  resultant  average  vaiae  for  the 
influence  coefficient  are  summarized  in  Table  A-1. 

TABLE  A-1 

INFLUENCE  COEFFICIENT  SUMMARY 
PHYSICAL  EFFF  "'t  INFLUENCE  ON  EXPEPJMENTAL 


Characteristic  Specific 

Velocity  im  pulse 

Heat  Los  ■  1.00  78  1.0095 

T  'iction  1 .0  J  35 

Nozzle  DiA'crgcnce  J.OllO 

Nozzle  Discharge  Coefficient  0.9970 

Throat  Shrit.kage  0.9H30'' 

S'aenation  th'cssurc  L-os  0,9953 

Reioilianl  Value  0.983  1  1.9344 


1  en I  a  f '  ve  Value 
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igure  A-4  Divergence  Correction  for  2500-Pound-Thrust  jIDP  Thrust  Chamber 
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APPENDIX  a  • 

HEAT  TRANSFER  DATA  REDUC TIOU  FOR 
WATER-COOLED  SEGMEKT'5 


(U)  The  heat  transfer  data  output  includes  the  wiitet  floiji’rate  anc 
overall  bulk  temperature  rise  for  each  transverse  *'atet'  f  oolaijt 
passage.  The  water  flowrates  are  measured  with: a  turbine  flowmeter 
and  the  bulk  temperature  rises  are  obtained  witn  '  iromel-alumal 
thermopiles  installed  to  measure  the  inlet  and  ouuiet  temper atL re 
difference  directly. 

(U)  The  tx=at  transfer  rate  into  each  water  passage  is  given  iu  terms 
of  the  water  flowrate,  the  water  specific  h^at  (Cp  =  1  3lu/lbrn-F),  an.i 
the  water  bulk  temperature  rise  by: 

q  =  wCpAT3  .  (B-1) 

(U)  The  average  chamber  heat  flux  in  the  region  of  the  coolant  passage 
is  obtained  by  associating  a  one-dimensional  gas- side  heat  transfer 
area  with  each  passage  and  dividing  the  heat  transfer  rate  into  the 
passage  by  the  appropriate  area; 


q/A 


m  C  AT„ 

__E _ B 


(B-2) 


(U)  An  average  gas-side  heat  transfer  coeffir’ent  is  obtained  for  each 
passage  using  the  relation: 

h  -  (B-3) 

8  (T  -  T  )  -  ^  q/A 
aw  wc  k  ^ 

■  U)  The  coolant  side  waJ!  rmperaturo  if  taken  to  be  30  F  above  the 
saturation  temperature  ol  the  Cv,  -'ant.  The  use  of  this  value  assumes 
the  coolant  side  to  be  in  the  nucleate  boiling  regime.  The  water 
velocities  utiiii-ed  with  this  chamber  are  sometimes  high  enough, 
particularly  for  the  low  chamber  pressure  runs,  to  suppress  nucleate 
boiling,  in  this  cise,  the  assumed  coolant  side  wail  temperature  wii.’' 
be  in  error.  This  simplifying  assumption  can  result  in  up  to  7 
percent  error  in  the  calculated  gas-side  film  coefficient  in  the  low 
heat  flux  regions  of  the  chamber. 


'  *  \  V, 

'  <' 


r  •  ^‘• 
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(U)  The  actual  combustion  temperature  is  obtained  from  the  ideal 
combustion  temperature  corresponding  to  100  percent  combustion 
efficiency  by: 


T  =  T  .  ,  ,  Ti 

c  c  ideal  C 


(B-4) 


(U)  The  adiabatic  wall  temperature  used  in  Eq.  Sis  obtained  from  the 
actual  combustion  temperature  by  the  relation: 


1  +• 


i 


PR  ^ 


~  mJ 

c  «> 


aw 


1  + 


2  ^00 


(B-5) 


(U)  The  difference  between  Tg^^  and  T^,  is  negligible  in  the  combustor 
where  the  Mach  number  is  low,  and  reaches  a  maximum  of  about  2 
percent  near  the  nozzle  exit. 

(U)  Although  the  coolant  passage  geometry  is  highly  two-dimensional, 
a  one -dimensional  relation  (Eq.  3)  will  yield  correct  heat  transfer 
coefficients  if  the  proper  value  of  the  wall  thickness  or  "reach"  x  is 
used.  In  reducing  these  data,  the  arithmetic  average  between  the 
maximum  and  minimum  "reaches"  for  each  passage  is  used  in  Eq,  3 
It  is  estimated  that  this  introduces  up  to  3  percent  error  in  the  cal¬ 
culated  gas-side  film  coefficient. 

(U)  During  short-duration  tests  (3  to  5  seconds),  the  high  heat  sink 
capacity  of  the  copper  block  in  the  region  behind  the  coolant  passages 
prevents  the  chamber  from  entirely  reaching  steady- state  operation. 
As  a  result,  a  slight  amount  of  heat  leaks  past  the  coolant  passage 
into  the  copper  backup  structure.  The  amount  of  leakage  depends  on 
the  coolant  passage  spacing  and  the  local  heat  flux.  For  the  small 
spacings  and  high  heat  transfer  rates  of  the  ADP  segment,  a  two- 
dimensional  analysis  of  the  amovmt  of  heat  leakage  should  be  less  than 
I  percent  in  the  throat  region  and  less  than  3  percent  in  the  lower  heat 
flux  regions  of  the  combustion  zone. 


Local  average  Stanton  numbers: 

N--  =  - ^ 


ST  p,.  V 


(B~6) 


00  oc 


and  both  length  and  hydraulic  diameter  Reynolds  numbers  are  computed 
to  provide  further  correlation  of  the  data.  Frozen  expansion  gas 
product  specific  heat  and  viscostiy  values  corresponding  to  ideal 
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chamber  conditions  are  used.  A  3  percent  change  in  the  characteristic 
velocity  efficiency  results  in  only  a  1  percent  change  in  the  combustion 
product  specific  heat. 

In  addition,  the  heat  transfer  data  correlating  parameter 

NgT  X  (B-7) 

is  computed.  Through  the  modified  Reynold' s  analogy 

=  Cj./2  (B-8) 

for  flow  over  a  flat  plate,  this  parameter  is  equal  to  the  local  skin 
friction  coefficient  divided  by  two  and,  hence,  provides  a  direct 
indication  of  local  boundary-layer  development. 
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This  p?ge  is  intentionally  left  blank 
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APPENDIX  C 

HOT  GAS  TAPOFF  CALCULATIONS 


(U)  Since  thw.  pressure  ratio  across  tbe  gas  tapoff  orifice  was  always 
greater  than  two,  flow  through  the  orifice  was  sonic  and  .ne  flowrate 
could  be  determined  by  use  of  the  following  expression: 


^  =  Cjj  P  A 


k( 


im 


) 


(k  +  i)/(k  - 1) 


g  M 


irr 


(U 


where 


w  -  flowrate 

Cj^  =  discharge  coefficient  (1.0) 

P  =  pressure  upstre^;.  ■>ruice 
r.  =  orifice  ai 
k  =  specific  heat  ratio 
M  =  molcc-iltti  weight 
R  =  universal  gas  constant 
T  =  temperature 
w^  =  gas  tapoff  oxidizer  flowrate 
Wj  =  gas  tapoff  fuel  flowrate 
w  =  total  gas  tapoff  flowrate 
MR=  gas  tapoff  mixture  ratio 


(U)  For  a  fuel-rich  gas,  the  adiabatic  combustion  temperature  is  a 
unique  fu..ction  of  the  mixture  ratio.  The  .elationship  between  com¬ 
bustion  temperatar'*  and  mixture  ratio  fo’  the  oxygen-hydroge..  sy"tem 
is  presented  in  figUieC-1.  No  difficult'  is  eXj.  ad  in  using  these 

data  over  a  wide  range  of  tapoff  piestares  becau  ,  at  low  mix!  ire 
ratios,  combustion  tei'  perature  is  i._ariy  indepen,’  i  of  the  sysiom 
pressure.  Specific  deal  ratio  was  taken  from  figui  C-1,  and  averapt 
molecular  weight  w'r  then  obtained  from  figure  C-p,  ^or  the  mixture 
ratio  determinad  from  figure  C-1,  using  the  measured  tapoff  tempera¬ 
ture.  These  values  were  used  m  Eq.  t  to  calculate  totul  tapoff 
flowrate.  This  flowrate  was  decomposed  into  oxidizer  and  '  el 
flowi  ate  by  use  of  the  expressions; 
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and 


w  = 
o 


MR 

Mir 


TT 


w 


(2) 

(3) 
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APPENDIX  D 

INSTRUMENTATION  BOX  IDENTIFICATION  SYSTEM 


(U)  A  system  io  identify  all  instrumentation  taps  on  the  250K  chamber 
has  been  devised  so  the  the  taps  are  fully  described  by  the  tap 
number.  No  cross  reference  is  necessary  to  determine  tap  location, 
fluid  media,  or  tap  type. 

(U)  The  aerospike  chamber  is  divided  into  zones  for  instruinentation 
identification  purposes.  The  zones  are  numbered  starting  at  the  inlet 
and  progressing  along  the  flow  path  of  the  particular  media  (figure  D-1). 

(U)  Angular  location  is  deltnc  ...  degrees  clockwise  of  an  inocx  point 
looking  from  forward  to  aft  along  the  axial  center  line  of  the  chamber. 
The  reference  point  for  all  250K  aerospike  chambers  is  defined  as  the 
12:00  o'  clock  position  of  the  chamber  when  installed  on  test  stand  D-2 
at  NFL. 

(U)  The  tap  identification  system  is  illustrated  with  the  following 
example: 


A  E 

B  F 

C 

D  C 


C  Cl  3  i 


-136.5  P  -3.3 


who  r 

A.  Major  Component 

C  -  thrust  chamber 
Ci  =  'ias  uc^  '■  rator 
i.  ~  line 
1  -■  ign'ter 

B.  Fluid  Medi.i 

O  oxuii/er 
F  luel 

C  caimbu  St  ii)ti  gas 
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Figure  D-I.  ADI"  Solid-Wall  and  Tubular 

Boss  Nomenclature 
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N  =  inert  gas 
T  =  tapoff  gas 
I  =  igniter  fluid 
Z  =  other 

C.  Chamber  Zone 

D.  Minor  Component  (used  only  where  additional  clarixication  is 
required) 

i  =  inner  body 
o  =  outer  body 
d  =  dome 

E.  Angular  Location  in  Degrees  from  Reference  Point 

F.  Type  of  Boss 

P  =  static  pressure 
T  =  temperature 
D  =  dynamic  pressure 
A  =  accelerometer 
B  -  bomb  boss  or  pulse  gun 
S  “  seal  vent 

C  =  solid-state  flowmeter  or  pressure 
-  =  purge  (no  letter  designation) 

G.  Axial  Distance  referenced  from  Injector  Face  or  Radial 
Distance  referenced  from  Chamber  Centerline  (whichever 
is  applicable) 

Tap  identifications  are  called  out  on  all  chamber  drawings  and 
are  stamped  or  etched  at  each  location. 
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